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PREFACE 


The root-infeciing fungi^ as an ecological group, afford a wealth 
of material to the student of evolution; to the plant pathologist, they 
offer a series of intricate problems in applied biology. , In text-books 
of plant pathology, these and other parasitic fungi are usually grouped, 
for convenience, taxonomically — an arrangement which tends to 
obscure the ecological relationship between the fungus and its habitat. 
I have umtien this book in order to emphasise the relationship between 
one such group of plant parasites and its habitat, the soil. 

Over the surface of the globe, the soil environment of micro- 
organisms and plants varies less widely than the above-ground en- 
vironment; especially is this true of cultivated soils. The problems 
of root disease control in tropical crops are the same m all essential 
respects as those encountered amongst the crops of temperate regions. 
Methods of root disease control therefore vary not so much regionally 
as wiih the type of cultivation, viz. field, plantation, or glasshouse 
cropping. 

This book is not intended to be a text-book, and no attempt 'has 
been made to deed comprehensively either with all root-infecting 
fungi, or with the diseases that they cause. Instead, I have focussed 
attention on a comparatively small number of well-knomt fungi, caus- 
ing diseases of notable economic importance. In Chapters 2-8, I 
have discussed the behaviour of the root-infecting fungi, and attempted 
to demmstraie certain trends in the subterranean 'evolution of the 
pemasitk hcAit. In Chapters 9-15, I have dealt with the principles 
of root disease control under different types of cultivation. 

It is difficult to exaggerate my debt to the Editor aftd Staff of the 
“Review of Applied Mycology” for their excellent abstracts, which 
have added much to the scope of this undertaking. 

Finally, I desire especially to thank my colleague, Mr. F. C. 
BawdeNj^ for his most generous help in reading and criticising the 
whole of the manuscript. 


Aiitama 1944 


Roth AMSTED Experimental Station 
Haepenben;. Herts. 
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Chapter 1 

INTRODUCTION 


The history of root disease investigation falls into a series of well- 
marked though overlapping phases, and may be considered to have 
started with the second half of the nineteenth century. During these 
fifty years, the economic importance of root diseases was increasingly 
appreciated by growers and professional botanists alike, but many and 
varied were the hypotheses put forward in explanation of such dis- 
eases; as Thaxter (1891) remarked of potato scab: 'Tt is a well- 
known fact that the theories and explanations which have been ad- 
vanced to account for certain diseased conditions of the surface of 
potato tubers generally known as scab are nearly as numerous as the 
experimenters who have studied the disease.’^ Especial weight was 
given not only by farmers but also by men of science to the non-living 
factors of the environment as a probable cause of root disease ; either 
soil or season might be blamed, though insect pests were sometimes 
held responsible. Parasitic origin of disease is a commonplace to us 
today, but to botanists of the nineteenth century, it was a novel and 
even a startling idea ; it is not surprising, therefore, that farmers were 
at first unwilling to abandon their former hypotheses of soil, climate 
or insect pests as responsible for root disease in their crops, in favour 
of hypotheses postulating a microscopic parasite, which they were 
often unable even to see. 

Rules of proof were formulated by Koch (1882), through the 
application of which the connection between a bacterial parasite and 
the disease which it caused in man or animal might experimentally be 
established. These rules are: (1) constant association of the organ- 
ism with the disease, (2) isolation of the organism in pure culture, 
(3) reproduction of the disease by inoculation with the pure culture 
of the organism, (4) re-isolation of the organism from the inoculated 
diseased host, and identification of it with the original inoculant. Plant 
pathologists have generally accepted Koch^s postulates as binding on 
them, too, though with obligate parasites such as Plasmodiophora 
brmsicae, which cannot be cultured on artificial media, the procedure 
cannot be followed in full. Nevertheless, strict compliance with these 
rules of proof was by no means universal amongst the early investi- 
gators of root diseases. The first rule was always followed, but the 
second and third rules were not, naturally-infected host tissues often 
being substituted for pure cultures in inoculation experiments; as re- 
marked above, this procedure was unavoidable where an obligate 
parasite was concerned. The fourth rule was most commonly neg- 
lected of all. Fortune favoured many of the earlier investigators, in- 
asmuch as they discovered the primary parasite responsible for a root 
disease in spite of incomplete compliance with Koch's postulates. 
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This combination of good fortutie with intuition, as a supplement to 
scientific method, has been remarded by the fame always attadiiiig to 

discovery, however made ! 

One of the first soil-borne diseases, to l>e correctly attributed to the 
activity of a parasitic fungus wm stem canker and tiilicr scurf of 
potatoes, which Kuhn (1858) in Germany sliowed to be cltie It) in- 
fection by Rhkoctania sdanL Not lotig afterwards, Reixke and 
Bertholo (1879) showed that a wilt of jwlatoes in the same coiiiiiry 
was due to infection by another fungus, Verikillium alhoHiirum. Just 
before Reinke and Berthold's discovery, Hartig (1873), the i-veil- 
known German forest pathologist, had shown Armillark mellea to 
cause a serious root disease in forest trees. These early discoveries by 
German investigators reflect the well-knowm pre-eminence of Germany 
at that time in the sciences of botany and |)Iant pathology. Then, 
however, the famous Russian mycologist, Wor«>nin (1878), published 
his discovery of Plasmodiopham bmssicae as the cause of chibroot in 
crucifers, a widespread disease which had been only im well-known 
all over Europe for many years previously. Then Prilueux and 
Delacroix (1890) correctly proclaimed that Ophiobalus gmminis was 
at least one of the parasites causing foot rot or of wheat in 

France ; not long afterwards, McAlfine ( declared that the two 
diseases familiar to Australian farmers as '‘take-alF’ and ‘‘whiteheads^* 
w^ere in reality different pliases of the same disease, due to infection by 
Ophiobolus graminis, the cause of the “pietiii” in France. In tlie 
U. S. A., Pammel (18^) was the first investigator to assign the 
cause of Texas root rot of cotton to infection by Osoumm mmcomum ; 
the validity of Pamhel^s discovery was not affected by Sweaii’s 
(1907) transfer of the cotton root rot fungus to a new species, 
0. omnimrum. With Duggar's (1916) discovery of a sporiiig stage 
of this fungus, the name was changed once more to Phyimiotrichum 
omnmonmi, by which the cotton, root rot fungus is still known. At 
about the same time, another American investigator, Thaxter (1891, 
1892), demonstrated that Oospora scabies was the cause of potato 
scab ; this organism is now classified not with the Fungi, but with the 
Actinomycetes, and its name- has therefore been changed to Actino- 
myces scabies* The cause of another soil-borne disease well-known 
at that time in the U. S A., black root rot of tobacco, was discovered 
not there but in Italy by Peglioh (1897), who determined it (allieii: 
not quite correctly) as Thiehvia baskda; the tobacco root rot fungus 
is now known as TUehmopsis baskda* Somewliat later, investi- 
gators turned their attention to. the root diseases of tropical crops; 
Ridley (1^)4) determined Fames semitvsius (mw corrected to 
F. Ugnosus) as the cause ■ of white root disease of rubber in Malaya, 
whilst some twelve years later. .Belgrave (1916) ascribed red root 
disease of the same plant to. another hynieiiomycete (now known as 
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Ganoderma' pseudoferreum) , Credit for discovering the parasite re- 
sponsible for the widespread Panama disease of bananas should go to 
the well-known American plant pathologist, Erwin F. Smith (1910) , 
who obtained pure cultures of a fungus which he named Fusarimn 
cubense (now re-classified as F, oxysporum cubense) from tissues of 
wilted banana plants sent from Cuba. He induced symptoms of dis- 
ease by inoculation of this fungus into glasshouse-grown bananas at 
Washington, D. C. Most of the credit for establishing F. oxysporum 
cubense as the cause of Panama disease has rightly gone, however, to 
Brandes (1919), who in 1915, in ignorance of the report by E. F. 
Smith, set up extensive inoculation experiments in Porto Rico to 
determine whether this fungus was the responsible pathogen; in 
Brandes^ experiments, Koch^s rules of proof were rigidly followed 
in every particular. 

It is no matter for surprise that the parasitic origin of most soil- 
borne diseases, at first slow to gain recognition, should later have come 
to be enthusiastically accepted by botanists and plant pathologists, to 
the exclusion for some years of other considerations. The very name 
of mycologist, by which some plant pathologists are still officially 
known, is eloquent of this excessive preoccupation with the parasite. 
Control measures were directed particularly towards elimination or in- 
activation of the parasite, whether in the soil or in the tissues of the 
host. This is not to say that plant pathologists during this period 
entirely neglected the possibility of indirectly controlling soil-borne 
diseases, through the influence of soil conditions. Halsted (1900), 
for instance, reported that the clubroot disease of crucifers was 
favoured by acid soils, whereas potato scab was encouraged by alka- 
line soils. 

At length, however, investigators began to realise that the soil en- 
vironment exercised a profound effect upon the development of most 
soil-borne diseases, and that the suitability or not of the environment 
for development of disease in the plant might be a factor as important 
as the presence or absence of the parasite. The credit for bringing 
about this change of view must go especially to the Wisconsin school 
of investigators, led by L, R. Jones ; a summary of this work is given 
by Jones ei (1926) in their outstanding monograph on the relation 
of soil temperature to plant disease. Particular attention was paid by 
the Wisconsin workers to the effect of soil temperature upon soil- 
borne diseases, and a technique for accurate control of soil tempera- 
ture under experimental conditions was evolved. The American in- 
vestigators took full advantage of the opportunity which climatic vari- 
ations of continental extent in the U. S. A. afforded them, in correlat- 
ing incidence of disease with soil and air temperatures in different 
^regions..' ' ' ' ' 
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Microbiological ■ Equilibrium of the Soil : — The imijortaiice 
of the non-living factors of the soil, and aerial enviroiiiiierit in their 
effect upon the development of soil-borne disease became wd! estab- 
lished by work at Wi.scon'sin and elsewhere. In the late tweniies of 
the present century, another factor of the soil environmeii!. of pro- 
fotmd importance, at last received recognition, when it came to be 
realised that develop.ment of a soil-bonie disease iniglit be affected not 
only by the behaviour of the particular parasite coiicerntfd, but also by 
that of other micro-organisms as well. Conimeiitiiig upon the control 
of potato scab by green 'manuring with grass cuttings, reported by 
Millard (1921), Sanford (1926) was the first to suggest that such 
control might be brought about through the antagonism to jlcim^)myces 
scabies of saprophytic species of bacteria developing 0!i the decompos- 
ing green .manure. Millard and Taylor (1927) later showed tliat 
the development of scab on potatoes grown in sterilised soil inoculated 
with A, scabies could be reduced by simultaneous inociiktion of the 
soil with A, pmecox., an. obligate saprophyte of a more vigorous habit 
of growth. 

In nature, .the host-parasite relationship must be affected by the 
biotic as well as by the non-biotic factors .of the eiivironiiient. In in- 
fected roots, the fungus causing the disease is ra|)iclly followed into 
the host tissues by other mierp-organisms., with whicli it must there- 
after be associated. The pure-culture method of experi.n.ientatioii, a.s 
postulated by Koch, is essential for solution of the original problem, 
ie. determination of the primary parasite responsible for produclicm 
of disease in the host. Once this question has been settled, however, 
experimentation should no longer be restricted to work with pure cul- 
tures of the parasite introduced into sterilised soil ; some experiments, 
at least, should be carried out in natural iinsterilised soil, under con- 
ditions permitting full play of the microbiological factor, A timely 
warning concerning the false conclusions which might be derived from 
such methods of pure culture experimentation was voiced by Fawcett 
(1931) in his Presidential Address to the American Phytopatliological 
Society ; Fawcett suggested that experiments mdth cultures of single 
micro-organisms should be supplemented by others in which known 
mixtures of micro-organisms were employed. 

Attention was also drawn to the importance of the microbioiogica! 
factor in the soil environment of the root-inf exiting fungi by the cx|>eri- 
ments made with cereal root rot fungi by certain Canadian investi- 
gators, to whom particular credit is due. For the purpose of making 
pot and field experiments with one of these fungi, it was customary 
to ailture the organism upon some organic medium, such as cooked 
wh^t kernels, a mixture of oats and pear! barley, oat hulls, or a mix- 
ture of soil or sand with commeal, etc. The infected material was 
buried in the experimental soil, often in rather large quantities. Such 
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inociiium did not prove very satisfactory, however, owing to its rapid 
deterioration in virulence; after a few months, inoculated soils often 
proved completely harmless to cereal seedlings planted therein. . Since 
this deterioration was more rapid in field soil than in sterilised or 
partially sterilised soil in pots, Sanford and Broadfoot (1931) sug- 
gested that it was due to the operation of microbiological antagonism 
upon the pathogenic inoculum. They found that infection of wheat 
seedlings by Ophiobohis graminis was completely suppressed by the 
antagonistic action of a number of fungi and bacteria, not only by the 
living cultures, but also, in many instances, by their culture filtrates as 
well. Henry (1931) found that the growth of Helminthosporium 
sativum upon sterilised soil in small flasks might be completely sup- 
pressed by the addition of very small amounts of unsterilised soil, or 
by simultaneous inoculation with a number of other fungi and bacteria, 
so that no infection resulted when wheat seeds were inoculated with 
the contents of the flasks in small pots. Broadfoot (1933a) showed 
that infection of wheat seedlings by Ophiobolus graminis, initially 
much less in unsterilised than in sterilised soil, fell off markedly with 
the progress of recolonisation of the sterilised soil by the returning 
microflora. Moritz (1932) observed that the severity of the take-all 
(0. graminis) disease of wheat on three German soils could be in- 
versely correlated with the "^protective’’ action of the general soil micro- 
flora, which was estimated by comparing infection in the unsterilised 
soil with that obtained in the sterilised soil. The interaction of micro- 
biological antagonism with temperature was first demonstrated by 
Henry (1932) for wheat seedling infection by 0. graminis. Henry’s 
findings were confirmed by Garrett (1934a), and extended to other 
cereal foot rot fungi (Garrett, 1934&). Rising soil temperature was 
found by these authors to increase microbiological antagonism to the 
parasitic fungus ; the fundamental effect of high soil temperature in ac- 
celerating infection could be seen under sterile conditions, but it was 
masked in the presence of other soil micro-organisms by their inacti- 
vation of the pathogen inoculum, which increased with rising tempera- 
ture, From these and later experiments, it appeared that total exclu- 
sion of the microbiological factor from all experiments on soil-borne 
diseases was undesirable, as being too far removed from natural con- 
ditions in the field; still further removed from natural conditions, 
however, were those experiments in which this factor had been unduly 
emphasised, ie. by the use as inoculum of fungal cultures on rich 
media containing iinassimilated carbohydrates and other nutrients, 
mixed in high proportion with the soil. 

In sterilised soil, with or without supplementary carbohydrates or 
other organic nutrients, a much simplified microflora in the presence of 
relatively high nutrient concentrations is obtained. These conditions 
approach those of experiments on plates of nutrient agar, in which two 
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selected fungi or other micro-organisms are growui iii Jiixlapositioii. 
In such plate cultures," striking demonstrations of antaKoiiihiii have 
been reported by many investigators, for an accciiiiil of which tlie re- 
view's of Waksman (1937, 1941), Pokter and Cartf.k (1938), 
Weindling (1938) and D'Aeth (1939) slioiilcl be crRisultefl Xoi 
merely aiitagonisin, but even actual parasitism of one iiiicniHirgafusiii 
upon another has been demonstrated in such agar plate ex|K/riiTieii!s. 
A noteworthy ' example is the parasitism of Triehmiirnm liiptitrum 
upon Rhwoctonm sdani and other fungi ; the ineclianisin of this para- 
sitism has been brilliantly elucidated by the researches of W fikw ing 
and his collaborators (Weinuling, 1932, 1934, 1937, 1941 ; Weind- 
LiNG and Emerson, 1938: Weinblinc; and Fawcett, IPJlw* In so 
far as conditions in sterilised soil, a imicli siini'ilitied inicroflora and 
abnormally high nutrient concentration, repeat those of the agar plate, 
similar results have been obtained; witness Henry's (1931) demon- 
stration that growth of Hdminihosporium safimm on sterilised soil 
might be completely suppressed by the addition of a mere pinch of iiii- 
sterilised soil, and a similar demonstration by Mitchell ei d . (1941 ) 
with Phyinaiotrichum omnivorum on a substrate of sterilised cotton 
roots. In natural soil, on the other hand, the microflora is far more 
complex, and the concentration of free nutrieiils is very iiiudi lower. 
The special conditions favouring development of antagonism, or para- 
sitism of one micro-organism upon another, on the agar {dale and in 
sterilised soil are therefore absent in unsterilised or natural soil lliis 
may be concisely expressed by saying that naium! stdl is Imlf^gkally 
buffered. For this- rea.soii, '‘biological control 1ms often failed to 
fulfill in field trials its extravagant promise on the agar jilale or in i>ots 
of sterilised soil 

The most important effect of the microbiological factor upon the 
root-infecting fungi is probably to be found not so much in restriction 
of their parasitic activity as in curtailment of their saprophytic exist- 
ence. From the ease with which most root-infecting fungi could be 
cultured for indefinite periods as saprophytes on artificial media, it w^as 
often formerly supposed that they might persist indefinitely in the 
soil, existing and even spreading upon the organic matter of the soil 
Such a conclusion ignored, of course, the very effective control of most 
soil-borne diseases by the practice of crop rotation. It was under- 
mined by Waksman^S (1917) discovery that there is a cosmopolitan 
microflora of soil-inhabiting fungi, composed of regular saprophytes ; 
amongst this flora of soil inhabitanis, other fungi were present as 
exotics, or soil invaders, Waksman's conception was applied by 
Reinking and Manns (1933, 1934) and Reinking (1934) with 
conspicuous success to their conclusions concerning the distribution of 
species of Fusarium in the soils of Central America. Certain Fusarium 
spp. were present in all, or nearly all, the soils examined, and were 
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designated as soil inhabitants; other Fusarium spp. were present in the 
■soil only in close association with tissues of their host plants, and 
eventually disappeared, thus meriting Waksman's term of soil in- 
vaders, This distinction made by Reinking and Manns between 
saprophytic and parasitic species of Fusarium was later extended by 
Garrett (1938a) to differentiate between two contrasting types of 
behaviour amongst root-infecting fungi in general. 

Root Disease Control: — Some consideration must now be 

•m 

given to the application of these discoveries to the problems of root 
disease control in crops. Certain measures of root disease control are 
applicable to root diseases of all crops in all countries, and some of 
these, indeed, to almost all diseases of crops. Such, for example, are 
the production of disease-resistant or disease-immune varieties of the 
crop plant, and the practice of crop sanitation, e,g, prevention of 
disease introduction through infected planting material, etc. Little 
further space will be devoted to such measures, important as they are, 
in the following pages, because they belong to the province of plant 
pathology in general, rather than to that of root disease control in 
particular. Special control measures in use against root diseases are 
best considered in relation to the type of crop, viz, field crops, planta- 
tion crops, and glasshouse crops. 

The root diseases of field crops are controlled by crop rotation, 
by application of the principles of plant sanitation to the disposal of 
infected residues, and by checking the development and spread of root 
disease under the growing crop. Crop rotation is the oldest and most 
effective method of root disease control in field crops ; its effectiveness 
is least against those diseases caused by fungi forming long-lived 
resting spores or sclerotia at the conclusion of periods of parasitic 
activity. A noteworthy study of the relation between length of crop 
rotation essential for root disease control and survival of the causal 
organism, Phymgtotrichum onmivorum, in the soil was carried out by 
Rogers (1937), working on cotton root rot in Texas. Recent evi- 
dence, presented by Bose (1938) in India and by Hiluebrand and 
West (1941) and Richardson (1942) in Canada, suggests that certain 
crops in a rotation may depress the incidence of soil-borne disease in 
a following crop more than others, even though all such preceding 
crops are alike in being non-susceptible to attack by the particular 
parasite or parasites concerned. A notable advance in crop sanitation 
was made by King al. (1934^) and King (1937) when they demon- 
strated that losses due to cotton root rot (F, omnivoriim) in continu- 
ous cotton under irrigation in Arizona could be greatly reduced by in- 
corporation of organic material in the soil some months before cotton 
was sown. This reduction in disease was tentatively attributed by 
King to biological control qi P, omnivorum by saprophytic soil 
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micro-organisms developing on. the added 'organic nmteriai ; rrt hkll 
et d, (1941) and Clark (1942) have obtained fresh cnidmce in sup- 
port of this liypothesis, and have also shown that sclerotia of P. imini- 
varum may be induced to germinate by the presence tn decomposing 
fresh organic material in the soil. ■ It seems likely, too, that the |>1aiit 
nutrients liberated during decomposition' of the green mraiiire may 
enhance the resistance of the cotton- plant to this ciisfasc I Jcikuan ei al., 
1939). 

Variation, in the incidence of soil-borne diseases wiili soil con- 
ditions is now well known, and has been exploited in a variety of ways. 
In the field, some control of soil temperature, at least during the early 
stages of crop g.rowtIi, can be secured by variation in planting time. 
Thus Richards (1921,. i923a) working in Utah showed that the in- 
cidence of stem canker (Rhizoctmm sdani) of potatoes, a disease 
favoured by low soil .temperatures, could be greatly reduced by delay- 
ing the date of potato planting.. ■ ' Direct control of soil moisture is im- 
possible i,n the field except under irrigation ; in Egypt* Jones and Seif- 
el-Na,S',r (1940) demonstrated a striking control of certain cereal 
smut diseases through very shal!-ow sowing in ver}’* w^et soil Soil 
aeration can be directly controlle-d, to a -considerable extent, by culti- 
vation ; in Australia, the ■preparation of a very firm seed-bed for wheat 
was found many years ago by pioneer farmers to l>e an effective means 
of reducing the ravages of the take-all (Ophioboius gruminis) disease. 
The effect of soil acidity in controlling scab (Aciinmnyces scabies) of 
potatoes, and of soil alkalinity in controlling clulroot (Plasmodm^ 
pham brasskae) of crucifers' is well known. The control of scab by 
green manuring (Millard, 1921). is surprisingly effective in small- 
holdings, where very large amounts- of fresh, diopped-iip organic mat- 
ter, such as grass cuttings, can be thoroughly iiicoriX)ratecI with the 
soil The concentration of plant nutrients in the soil may have a para- 
mount effect upon the occurrence of certain soil-borne diseases, such 
as browning root rot (Pythium spp.) of cereals in Canada, which can 
be effectively controlled by application of phosphate (Vanterpckil. 
imb). 

In tropical plantation crops, special care was formerly advised in 
eradicating all sources of root disease inoculum after clearing virgin 
jungle or an old plantation site, since at no subsequent time in the life 
of the plantation would a similar opportunity be offered. Conscien- 
tious adoption of this advice entailed great, and expensive, labour in the 
excavation of buried roots' before planting up. The second line f>f 
defence against root disease in ^ tropica! plantation crops lay in the 
practice of trenching, to stop advance of the root disease fungi, some 
of which were supposed to ^read through the soil as free-growing 
mycelium. _ A good account of the earlier methods of root disease 
control in rubber plantations is given by Fetch (1921). Principles 
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of root disease control in rubber plantations were later revolutionised 
through the brilliant investigations of Napper (1932-40) at the Rub- 
ber Research Institute of Malaya ; a well-documented history of rub- 
ber root disease investigations has been compiled by Sharples (1936) . 
By Napper's method, a minimum of clearing is carried out on a virgin 
jungle site in preparation for rubber, but a collar and proximal root 
inspection of all the young rubber trees is made at intervals of a few 
months by gangs of labourers trained to recognise the mycelia of the 
root disease fungi. When the mycelium of one of the root parasites 
is discovered, at such a routine inspection, on the proximal part of a 
tap or lateral root, the epiphytic mycelium is peeled off, and the root 
lightly rubbed with copper sulphate solution ; the infection is traced to 
its source, a piece of infected jungle timber, and both infected root sec- 
tions of the young rubber tree and the source of infection are removed 
and destroyed. The method depends for its success upon the fact that 
the mycelia of these root parasites of the rubber tree are epiphytic for 
some distance ahead of penetration ; that of Pomes lignosus, the most 
important root parasite of young rubber on jungle sites, is epiphytic 
for as much as 5-15 feet ahead of penetration. A similar method can be 
used for eradication of root disease in young rubber on the site of 
former plantations, but if root disease has been severe in the old stand, 
a preliminary excavation of infected roots is advised before planting. 

Roots of jungle or plantation trees infected by root disease before 
felling are not the only source of danger to the young plantation crop, 
however ; the act of felling may so lower the natural resistance of the 
roots as to render them susceptible to rapid infection by a parasite to 
which they were formerly somewhat resistant. This fact was first 
demonstrated by Leach (1937, 1939) , working with Armillaria mellea 
on tea in Nyasaland; this fungus attacks few trees in the standing 
jungle, but develops freely as a parasite in the roots of many species 
once the tops have been felled. Leach further demonstrated that if 
the trees were killed by ring-barking some time before felling, their 
roots were invaded not by A, mellea, but by harmless saprophytes, 
such as Rhizocionia bataticola. Leach^'s discoveries will undoubtedly 
exercise a profound effect upon the development of methods for root 
disease control in tropical plantation crops. Napper (1939, 1944)) 
has since shown that a substantial proportion of the infections by 
F. lignosus in young rubber plantations must be due to inf ected roots 
of old jungle or plantation trees which are healthy at the time of fell- 
ing, but which rapidly become infected by F. lignosus after felling, 
consequent upon the sharp lowering of host resistance. Napper found 
that killing of the trees or stumps by injection with sodium arsenite be- 
fore or immediately after felling appeared to eliminate such post-fell- 
ing infection of the roots by F. lignosus; injection by sodium arsenite 
in Malaya thus fulfilled the sameTunction as ring-barking in Nyasa-' 
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land. The practical importance of .these discoveries is too obvious 
to require further emphasis.. ■ 

The greater degree of control over soil and aerial enviroiniient pos- 
sible in glasshouse practice should, pertnit the development of innrc 
.direct methods of root disease contro.ltlian is fM-issili!e in the fif‘!cL A 
good example of such !.s furnished by Bewley'^s (1SI22) luetliofl of 
controlling the wilt of tomatoes' due to Vefikillium aiho-airiim Iw 
raising glasshouse temperature to. a level exceeding 25 ’’C C.’ontroi of 
root diseases under intensive glasshouse cropping is diiedy effected, 
however^ by partial sterilisation of the soil through heat or chemicals. 
Such partial sterilisation, which has become a roiiiine in good com- 
mercial glasshouse practice, greatly benelils crop grcnvlli, apart from its 
valuable effect in, controlling root disea.ses and pests. The benefits of 
partial sterilization were discovered independently by Girard (1894) 
ill France and by Gberlin ( 1894) ..in. Alsace, using carbon disiilphide ; 
Dai«bishi:'.re and Russe'll { 1 . 907 ) later demonstrated that heat treat- 
ment of soil produced a similarly Ixmeficial effect upon crop growth in 
glasshouse soils. ' ..At prese.nt, heat is more commonly cniployecl 
for soil sterilisation in glasshouses than are chemicals, though a 
cheapening of antiseptics in present use, or the discovery of chca{>cr 
or still more effective ones, may reverse this sittmtioii. It seems safe 
to predict, however, that treatment of soil by fungicidal cliemicals is 
unlikely ' to find any general application outside its jmeseiit limited 
sphere of usefulness, vw. in glasshouses, in nursery beds, and in inten- 
sive or market garden cropping. Some development in tlie ‘‘placre- 
iiient^' of soil fungicides can be 'expected, in parallel with the develop- 
ment now prcxreeciing in ''placement*' -of artificial fertilisers. By the 
placeme,nt method, one of the chief difficulties involved in fungicidal 
treatment of soil, wrr. the great bulk of soil to be treated, is evaded. A 
good example of , this procedure is afforded by Preston's ( 1S)28, 1931 ) 
use. of mercuric, chloride for watering in young cabbage plants at 
transplanting, in soils infected by the clubroot parasite (Plasnmdio- 
phora brassiem) . A further development along such lines may be the 
use of soil fungicides in conjunction with mechanical planters and 
transplanters, as in the well-known formalin drip treatment for control 
of onion smut, originally devised:' by Selby (1^2), and greatly im- 
proved by Anderson and Osmun (1923). 
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PARASITIC SPECIALISATION IN THE ROOT- 
INFECTING FUNGI 

When a plant dies, its roots are quickly invaded by various soil 
micro-organisms, prominent amongst which are species of soil fungi. 
The competition between members of the soil microflora for coloni- 
sation of this freshly opened substrate is intense, but the results are by 
no means determined by chance ; the organisms which become domi- 
nant colonists are those best fitted to decompose that particular sub- 
strate tinder those particular environmental conditions. With the 
progress of colonisation and decomposition of the substrate, the habitat 
is changed, so that other organisms become dominant in their turn, 
and so there is a tendency for a succession of micro-organisms to de- 
velop. The decomposition of dead root tissues in the soil is thus 
merely a particular instance of a general phenomenon well known to 
plant ecologists. 

This succession of micro-organisms developing in dead root or 
other plant tissues buried in the soil has been studied, either deliber- 
ately or incidentally, by a number of workers. The plant tissues have 
usually been surface sterilised, washed, and then plated out on a nutri- 
ent agar. The number of fungus species forming colonies on the agar 
plate may constitute only a small fraction of the total number engaged 
in decomposition of the plant tissues ; the colony-forming species must 
be those that are best suited by the nutrient agar substrate. The 
particular species forming colonies must be determined not only by the 
nature of the nutrient agar substrate, but also by other conditions of 
incubation, such as that of temperature; Walker (1941), moreover, 
has demonstrated that the choice of surface sterilising agent may 
strongly influence the results. Walker buried short lengths of fresh 
wheat straw in the soil, and took samples for surface sterilisation and 
plating-out at regular intervals. The dominant fungi producing 
colonies on the agar plates were Fusarium culmorum and Penicillium 
spp. ; the ratio between the numbers of F. culmorum colonies and those 
of Penicillium colonies developing from any sample of straws varied 
within very wide limits according to the type of surface sterilising agent 
employed and the time of treatment. F. culmorum, a fungus of a vigor- 
ous and rapid habit of growth, showed low 'resistance to the action of 
the more severe sterilising agents, such as mercuric chloride and silver 
nitrate, but developed better after surface sterilisation of the straws 
with calcium hypochlorite, a mild sterilising agent, and best of all after 
a mere washing in sterile water, Penmllium spp. were apparently 
crowded out by the more vigorous growth of F. culmorum after these 
mild treatments of the straws; on the other hand, they were very 
tolerant of the more severe surface sterilising agents, mercuric chloride 
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and silver nitrate, and after the longer period of trcatinent were often 
the only organisms developing on the plates. ■ 

Further to piirstie the concepts, of plant ecology, we may recall 
the development in certain plants of an ability to colonise certain virgin 
habitats tin favourable to general plant growtii. The most frei|i!t'r.tly 
quoted exmnples of such habitals are sand dunes, shingle i)aiiks, awl 
bare rock faces. By the evolution of a specialised growth halat, such 
plants are considered to have escaped from the intense competitioii 
characteristic of habitats more favourable to the dcve!oj>niciit of vege- 
tation. Amongsi ihe soil fungi, this role of escapets has been taken 
bf ihe root-inf ecting fung% which have developed ability to open np 
and colonise a habitat not available to saprophytic fungi. To continue 
the analogy wdth above-ground plant ecology, we may further recall 
that in due course the primary colonisers of a sand dune, shingle bank 
or bare rock face so change the habitat that it peniiits growth of a 
wider range of species, with the result that the primar}^ colonisers are 
gradually ousted and finally disappear completely. In the same ww, 
once a root-infecting fungus has opened up a new habitat, t!ie plant 
root, it is rapidly followed by other soil micro-orgaiiisins. The root- 
infecting fungus obtains, however, an initial advantage in colonisation 
which it may retain for longer than was formerly siipposcxl, from re- 
sults of attempts to isolate it on the culture plate. It is well known 
that attempts to isolate a root-infecting {ungiis from diseased, tissue, 
by surface sterilising selected portions of tissue and plating-oiit on 
the surface, of nutrient agar, often give disapjwiiiting results. This 
is due to the fact that the mtirienl agar plate is a selective rnediiirti, 
not for the primary plant parasite, but for the saprophytes wdiich are 
its co-habitants in the inteted tissues. 

Investigators studying the survival of parasitic fungi therefore now 
generally employ the ideal selective medium, ie. a host plant of the 
particular fungus concerned. Examples of this technique arc furnished 
by the work of Taubehhaus and Ezekiel (19301?) with Phynm- 
Mrkhum omnivor um, of Paowick (1935), Garrett (19386), and 
Fellows (1941) with Ophmbolus'grammis, of Thung (1938) with 
Phyfophihora parasitica vat. nicotmme, of Gibbs (1938) wdth Pltoma 
Ungmn^ of Nagel (1938) with Cercospora beikola, and of Matzule- 
viTCH (1936) with UrocysHs cepidm. In their studies of the root 
rots of strawberry and tobacco in Ontario, Hiloebrano ( 1934) , Koch 
(1935), and Hiloebeaho and Koch (1936) have eticleavoiired to 
overcome this short-coming of the isolation plate technique by supple- 
menting it with direct microscopical study of the succession of micro- 
organisms developing in the diseased roots. Presumably, it should be 
possible to obtain a complete picture of the succession of fungi in such 
diseased plant tissues by employing a sufficient number of selective 
isolation media (in the widest ^se of this term) ; as the number of 
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specific isolation techniques approached the number of fungi involved; 
so the investigator's knowledge of the succession should approach 
totality.* 

Soil-inhabiting and Soil-invading Fungi: — Serious study of 
the fungus flora of the soil may be said to date from Waksman’s 
(1917) postulate that there is a definite fungus flora of the soil. From 
his examination of the fungi found in 25 diifferent soils collected from 
widely separated regions of the North American continent, and from 
the Hawaiian Islands, and from the results of European investigators, 
Waksman concluded that the basic fungus flora of the soil was 
essentially cosmopolitan, though the relative importance of different 
groups might vary with latitude and soil type. Thus soils of the 
northern latitudes were characterised by abundance of Mucorales and 
.PefdciUia, whilst AspergiUi were predominant in the warmer soils. 
Again, the genus Trichoderma was found especially in acid soils {e,g, 
forest soils) and in waterlogged soils. As a result of this study, 
Waksman introduced the fundamental conception of a basic cosmo- 
politan fungus flora of soil inhabitants, amongst which were to be 
found exotic fungi or soil invaders. This conception of Waksman'^s 
was applied by Reinking and Manns (1933, 1934) and Reinking 
(1934) to their findings on the distribution of Fusarium spp. in the 
soils of Central America. As the result of a very large series of 
isolations from soils, these authors concluded that the tropical Ameri- 
can soil Fusarm could be divided into two groups, soil inhabitants 
and soil invaders. The soil inhabitants were those species ol Fusa- 
n«w found in all, or nearly all, of the soils examined, and were 
hence regarded as common soil saprophytes. Certain other species, 
on the Other hand, were found to have only a local distribution, and 
this distribution was further found to coincide with the presence, or 
past presence, of the appropriate host plant. With the death of the 
host plant, the numbers of such a species gradually dwindled, until it 
disappeared from the soil, and was hence designated a soil invader. 

This conception of soil inhabitants and soil invaders was in turn 
employed by Garkett (1938a) to distinguish between two contrasting 
types of behaviour amongst the root-infecting fungi, as follows : '‘The 
soil inhabitants are considered to be primitive or unspecialised para- 
sites with a wide host range; these fungi' are distributed throughout 

the so il, and their parasitism appears Jo be incidental to their s apro- 

phytic existence as members of ttie general sdrmicfbflora. The soil^ 
invaders, to which class the majority of the root-infecting fungi seem 
tq_ belong, are^iiiore highly specialised parasites ; the presence of such 
fungi inlHe” soil is' generally closely associated with that of their host 
plants. In the continued absence of a host plant, such fungi die out in 

* Any otEer effects of .sticli an. inyestigation upon the mind' of tEe, investigator are ’ 
irrelevant to the uresent ...discussion. ' 
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the soil, owing to their inability to com|iete with the soil siiprophytes 
for an existence on non-living organic matter. This linse association 
between the soil imadm and their host plants tliiis seems to ht en- 
forced by the competition of the genera! soil inkroflora.” 

Any consideration of the qualifications of a particular ftingiis for 
its role of a soil inhahiiaMt imolves recognition of the fact that two 
factors, of a sf)atial and a temporal nature, respectively, are conceniefl* 
By the spatial factor is implied the ntimkT of kinds of jdaril tishtie, or 
other substrate, which the. fungus can colonise: the sj'Hxhes of plant, 
the part of the plant, its age and other causes of variation in tissue 
composition must all affect not only the rate and course of decomposi- 
tion in the soil (Waksman, 1931) but also tlie species of decompos- 
ing micro-organisms. By the temporal factor is meant the average 
period for which the fungus can actively maintain itself on a substrate, 
during the" passage of that substrate from the virgin condition to that 
of relatively inert soil humus. To take an extreme instance, a ro^it- 
infecting fungus which was a truly omnivorous plant parasite could 
certainly be regarded as a soil inhahiianf, even if its powers of survival 
as a saprophyte were strictiy limited, because at almost a!! times and 
in almost all places it could ■find a sulistrate. With a fiingiis of more 
restricted host range, however, the ability to fiinction as an active 
saprophyte for a longer period in the decomposing plant tissues l>e- 
comes correspondingly more im|>ortant. The development: of long- 
lived resting s{>ores and sclerotia by root-infecting fungi may be re- 
garded as an example of one way by which the disjidvantage of nutri- 
tional speciali.sation tm.s incidentally been overcome. 

Mycorrhizal Fungi: — If symbiosis be regarded as the evolu- 
tionary end-point of the parastic habit, then the mycorrhizal fungi 
must be regarded as the most highly specialised of all the root- 
infecting fungi. This group of fungi has stimulated continuous 
interest, and not a few’* controversies, amongst mycologists ever since 
the discovei-y of the mycorrhizal habit in plants. The work of 
the earlier investigators has been discussed by Rayner (1927), in 
her monograph on mycotrophy in plants. More recently, Byrgks 
( 1936) has published a concise but comprehensive, and comnieiidabl},* 
objective, review of the ’whole 'subject. Two groups of inycorrhiza! 
fungi are usually distinguished ; the eclophyfes, which develop mainly 
„ externally, forming a fungus mantle aroimcl the host roots, and the 
endophytes, which develop inside the host tissues. The clifftTeiices 
• between ectophytic and endophytic mycorrhizas have been lucidly siiiii- 
.■■.marised by Raynee (1939), in the following paragraph: ^Tt is still 
. convenient to classify myexurhizas into two groups, the extreme types 
in which show marked structural differences, correlated with the dis- 
tribution and character of fungus infection. The ectotrophic mycor- 
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rhizas of most trees^ and shrubs are readily recognisable as distinct 
from ordinary rootlets; a sheath of mycelium is formed about the tip 
and younger part of the emerging rootlet and the hyphae composing 
it extend inward, forming an intercellular network between the cortical 
cells known as the ‘Hartig net’. In endotrophic mycorrhizas, a more 
or less extensive distribution of intercellular and intracellular mycelium 
within the root is associated with a variable but usually scanty develop- 
ment of hyphae on the surface. In general, endotrophic mycorrhizas 
resemble ordinary roots in external appearance, although slight modifi- 
cations such as irregularities of diameter or differences in opacity of 
the tissues may betray their character to the experienced observer/’ 
Rayner goes on to point out that the distinction between these two 
types of mycorrhiza is an artificial one, and can be condoned only on 
grounds of convenience; intermediate types are now known. The 
association of the ectophytes with their host root may be conditioned 
by root excretions from the host ; Melin ( 1925) demonstrated the ex- 
cretion of phosphatides by the roots of various forest trees, and showed 
that these stimulated the development of the mycorrliizal fungi. 

Evidence for an obligate mycotrophic habit is strongest in the case 
of certain species of forest trees forming ectophytic mycorrhiza. For- 
esters have frequently experienced difficulty in establishing exotic conif- 
erous trees ; lack of success has usually been associated with absence 
of typical mycorrhiza formation by the trees. Inoculation of nursery 
beds witii soil taken from under a vigorous stand of the same species 
of tree has frequently changed failure into success, and the young 
trees have grown away well in the inoculated soil. Rayner ( 1938) has 
summarised information collected by the Imperial Forestry Institiite 
of Oxf ord on the use of soil or humus inoculum as an aid to establish- 
ment of exotic species of forest trees; the empirical use of such inocu- 
lum appears to be widespread, and to give satisfactory results in the 
majority of trials. 

Hatch (1937) has recently published substantial experimental 
evidence in support of Stahl’s (1900) hypothesis that ectophytic 
mycorrhizal fungi facilitate absorption of mineral salts by their hosts, 
especially in infertile soils. He demonstrated a negative correlation 
between production of mycorrhizae by pine seedlings and the availa- 
bility of mineral salts in a number of forest soils. In his experiments, 
mycorrliizae were most abundantly produced under shortage of; avail- 
able nitrogen, pliosphorus, potassium or calcium, or under lack of 
balance between these nutrients. .Hatch experimentally demonstrated 
striking increases in growth and nutrient absorption by seedlings of 
Pinus strohus in a prairie soil after inoculation with pure cultures of 
appropriate mycorrhizal ftingi. Hatch’s observations have been con- 
firmed and extended by Routien and Dawson (1943), using an arti- 
ficial soil compounded of pure quartz sand and a purified colloidal clay. 
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This artificial soil possessed base exchange prof^rlics. and its content 
of available nutrient ions could 'be experimentally varied within wide 
limits. Working with this artificial soil, .Routiek and Dawson foiiiicl 
that substantial growth and salt, absorption by Finns etkinaia took 
place even in the absence of mycorrhizae at the higher lends of Imse 
.saturation of the soil. . But if absorption of nutrients was inipeded by 
replacing the nittrient ions with adsorbed hydrogen ion, then forma- 
tion of niycorrhizae substantially increased growth aiul salt uptake by 
the pine seedlings.. Hatch has stressed the increase in total absorbing 
surface resulting from co.nversioii of short roots into iipworrhizae ; 
Rouxien and Dawson observed tliat development of such short roots 
into mycorrhizae doubled. or even quadrupled production of respiratory 
carbon, dioxide. They therefore concluded that inycorrlii/ae increased 
the salt-absorbing capacity of the roots cliiefiy by adding to the supply 
of exchangeable hydrogen ion, derived in fmrt at least from res|)iratory 
carbon,ic acid. 

Infection by the appropriate endophyte w^as formerly thought to Im? 
essential for germination of the seed in imtiy species of the Eriaieeae 
and Orchidaeeae; evidence for and against this view has been stiin- 
marised by Burges (1936), who states: *‘RAyNEM (IS®), as the re- 
sult of lier pure culture experiments, concludes that, inilcss the seed- 
lings of Cailuna pulgaris were Infected by the endopliyte, kirrest of 
growth and the inevitable symptoms of malnutrition’ fo!lowc?c!. This 
result was in discordance with those of Chhistofii ( 1921 ) and Knhi> 
SON (1929), who considered that infection was not essential In a 
later paper Knudsoh (1933) records the result of his reinvest igat ion 
of the problem in the light of Mayher’s criticisms of his previous 
teclinique, and has shown that Callum seedlings can develop normally 
without the endophyte. Freisleben (1934) has reached a similar 
conclusion in respect to the genus VmdnmmF In a later paragraph 
concerned with mycotrophy in sidling orchids, Bitiges comments: 
'Tt used to be thought that orchid seedlings w^ere unable to germinate 
and grow on their own account. Bernaeo (1904) showed that if the 
endophytes were added to the cultures growth frequently followed. 
Knuuson (1927) has extendi this work and has shown that the im- 
portant feature is not the penetration of the orchid by the endophyte, 
but the bringing of organic material into solution. For example,, on a 
medium containing starch, the carbohydrate is unavailable to the 
orchid. If the fungus present causes hydrolysis of tlie starch, some 
of the ^resulting sugars, once in solution, are utilised by the orchid, 
which IS' then able to establish itself and later may become independent 
of this auxiliary food supply. If the organic material were supplied 
in solution, e.g, as fructose, no fungal agent was required. He further 
showed that other fungi such as Phyi^phiham could replace the endo- 
phyte and bring the organic material of the medium into solution. 
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The fungi also caused a change in the hydrogen-ion concentration of 
the medium* This on its own did not lead to germination, yet it was 
shown to be a contributory factor. Other workers have also shown 
the need for correct adjustment of the hydrogen-ion concentration of 
the medimii.” 

Various nutritional benefits have been suggested as accrueing to 
the host plant of an endophyte. It is supposed that nutrients are 
absorbed from the soil by the external hyphae of the endophyte, and 
translocated thence into the internal hyphae, which are eventually 
digested by the host cells. Burges, however, agrees with the criticism 
that the connections between external and internal hyphae are insuffi- 
cient f or the host plant to benefit much in this way. Ternetz (1904) 
demonstrated nitrogen fixation by certain species of Phoma acting as 
endophytes in members of the Ericaceae; the amounts of nitrogen so 
fixed \¥ere, however, too low to be of much nutritional significance to 
the host plants, and endophytes with a greater nitrogen-fixing capacity 
have yet to be discovered. Butler (1939) has made the interesting 
suggestion that endophytes of the vesicular-arbuscular type may benefit 
their host by the manufacture of accessory growth factors, which the 
host is unable to make for itself. 

The relationship betw^een the endophyte and its host seems to be 
one of controlled parasitism. Under certain conditions, the resistance 
of the host may be broken down, and the controlled parasitism become 
uncontrolled, as observed by Reed and Fremont (1935) and Samuel 
(1926). Reed and Fremont found that the roots of Californian 
citrus trees receiving no fertilisers during the preceding seven years 
had little power to resist invasion or to digest the intracellular my- 
celium, in contrast to the roots of trees which had been manured an- 
nually with cover crops and stable manure. Samuel observed that 
the roots of oats growing in a South Australian soil deficient in avail- 
able manganese were heavily infected by an endophytic fungus, 
whereas the roots of oats growing in normal soils were free from in- 
fection, Samuel's observation recalls an analogous one by Brench- 
LEY and Thornton (1925), who found that root-nodule bacteria be- 
came destructively parasitic in the root tissues of broad bean plants de- 
prived of boron. Again, a fungus forming a mycorrhiza with one 
host may act as a destructive parasite in others. An example of such 
behaviour is furnished by a dangerous parasite of forest trees and 
other plants, Armillaria which was demonstrated by Kusano 

(1911) to form a mycorrhiza with the Japanese orchid Gastrodia elafa. 
Kusano observed, however, that under certain conditions the sym- 
biosis might be upset, and that infection of the orchid tuber by 
A, mellea was then accompanied by a necrotic reaction of the invaded 
cells of the host. 

From the evidence adduced above, Burges has concluded that the 
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chief benefit which mycorrhiml plants derive from this association is 
that due to the decomposition of soil organic matter by the niycorrliizal 
fungi. Plants with ectophytic .inycorrhizal fungi are. of course*, ex- 
ceptionally well situated for the reception of such benefit. As Btmges 
has pointed out, however, it is not necessarily the iTiycorrhizal fungi 
which are always of greatest service to the higher filani in this way ; 
common soil-inhabiting fungi may conceivably he of greater importance 
to a mycorrhizal plant than its own particular fimgal associate. The 
enhanced activity of certain common soil-iiihabitiiig fungi, and es- 
pecially of Mucor spp. and Penictllmm spp., in the "liiizospliere” has 
been thought by Jahn (1934) to constitute a **peritrophic mycor- 
rhiza.” This interpretation of niycotropliy by Burc;es has fieeii 
criticised by Hatch (1937),'m a masterly review oi t!ie subject to 
which he has himself made numerous important experiintTilal contri- 
butions. Hatch has studied chiefly the ectophytic inycorrhizae of 
PmuSf and has interpreted his data by the ‘hnineral salt hypothesis'’ of 
Stahl (19CX)). , 

Elsewhere, Burges (1939) has commented the paucity of in-' 
formation coticerning the saprophytic life of the niycorrliizal fungi. 
This w^ould be tlie more surprising m’ere it not for tlie fact tliat a siniiiai' 
obscurity siirroiinds the saprophytic life of a closely aiialogous but 
better knowm group of micro-organisms, the root iiociiile bacteria of 
leguminous plants. The mode of survival of inycorrhizal fungi out- 
side their host plants therefore remains an unsolved problerri. or series 
of problems, concerning which Burges (1939) lias coniiiiented : **This 
class of .soil fungi is the most difficult of all to study. Many of its 
members appear to ht almost obligate imrasites in their relations to 
their hosts, yet their iibiquitoiisness leads one to believe tfiat lliey 
must have some e.xistence in the soil apart from their host roots. In 
isolation of soil fungi, if is rare to find any member of this group. 
Many are Basidiomycetes and these are conspicuous by their absence 
from lists of soil fungi. The typica,! ectotropliic mycorrliizas are pro- 
duced by Hymenomycetes and many species have been identified.’’ 
Butler (1939), in his review of work on the vesicular-arbiisciilar or 
phycomycetous type of endophyte, has observed that tliis endophyte 
is more common and more easily to be found in tlie roots of j>crenitial 
or plantation crops than in the roots of annual field crops, ph.: '“The 
regularity of its occurrence in some perennial plants and its iiicickiital 
presence in some annual field crops is probably nieiTly the result of tlie 
greater chance which an organism growing in close association mdth 
living roots has of persisting indefinitely ami passing from the older 
to the more newly developed roots in the former class. In aiiiiiials, 
much of the fungus perishes with the roots, and survival is limited to 
the thick-walled resting mycelium and vesicles found in the soil when 
the new crop is sown.” 
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PARASITIC ACTIVITY OF THE ROOT-INFECTING 

FUNGI 

In the preceding chapter, a distinction was drawn between primi- 
tive parasites of the soil inhabitant type, such as the species of Rosei- 
Unia, in which parasitic activity was merely incidental to a saprophytic 
existence, and the more specialised parasites of the soil invader type. 
Variation in growth habit and parasitic activity of the latter group 
may now be considered. 

The more specialised parasites spread underground in three 
ways: — 

(1) through the soil and over the underground parts of the host plant, 

(2) only over the underground parts of the host plant, 

(3) inside the vascular system of the host plant. 

Fungi belonging to the first two classes invade the internal tissues 
of the host roots, of course, but external spread never lags appreciably 
behind internal spread, and is often considerably in advance of it. 
Tlie fungi of class (3) do not travel either independently through the 
soil, or over the outside of the host roots ; their spread is limited to the 
vascular cylinder of the host. Spread of fungi in classes (2) and (3) 
from one host plant to another is therefore limited to points of root 
contact between host plants ; this constitutes no hindrance to spread 
amongst crops where the ground is occupied by a pure stand of a sus- 
ceptible host plant, except where the crop is still young, and root con- 
tacts have not yet been established. In natural vegetation, however, 
plants susceptible to a particular root parasite are often isolated from 
one another by the root barriers of immune plants, and so the spread 
of the parasite is restricted. At one time it was thought that a fungus 
able to spread independently through the soil by free mycelial or 
rhizomorphic growth possessed a considerable advantage over a fungus 
which could spread from host to host only by root contact ; this distinc- 
tion is now realised to have been over-drawn. 

Spread External to the Host: — A feature of particular interest 
in the root-inf ecting fungi, though by no means limited to this group, 
is the rhizomorph — an organ whereby the fungus is enabled to spread 
from one host (or substrate) to another, some distance away. The 
evolution of the rhizomorph through aggregation of individual hyphae 
into strands, followed by differentiation of tissues into an external 
protective skin or rind, and internal conducting tissue, seems intrinsi- 
cally probable; the rhizomorph serves to protect the mycelium of the 
fungus from the hazards of the environment, and especially from that 
of desiccation, and to facilitate its spread from one substrate (the food- 
base) to another, some distance away. The following fungi may be 
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cited as illustrating different, but -not necessarily commitiva, liypcv 
thetical stages in evolution of the rhizoniorpii 

(i) spread by iadividtia! hyphsLt-^Rhko clonk soiam (causing black scurf and 
stem canker of potatoes, etc.). 



Figure la* Runner hyphae of Opkmbolus gmmims on scmiiml rciol of 

wheat Longitudina! section, ■ (J/ler. G* S&'mmi), 

(ii) spread % kdividm! hyphae occasionally aggregating into strands ■— OpM>* 
obolm gmminis (causing the taka-all disease of cereals). 

(ill) some aggregation o! hypime, with copious secretion of mucilage binding a 

covering of soil closely around host root — mAs (causing brown 
root disease of rubber^' tea, etc.). ' 

(iv) differentiated strands compo^ of large central hypha surrounded by 
several layers of fine hyphm--^Phymatotrickum omnivomm (causing 
Texas root rot of cotoi). 
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(v) aggregation into definite rhizomorphs, but no tissue differentiation — 
Fames 'iignosus (white root disease of rubber, etc.)- 

(vi) aggregation into definite rhizomorphs with toughened outer skin — Gam- 
derma pseudoferreum (causing red root disease of rubber) and Porta 
hypolateritia (causing red root disease of tea). 



Figure Id. — Runner hyphae of Ophioholus graminis on seminal root of 
wheat Surface view. (After G. Samuel) * 

( vii) aggregation into definite rhizomorphs with well differentiated outer rind — 
'Armillaria mellea (causing a root disease of tea, cacao, etc.) and Sphaero^ 
: stilbe repens (causing violet root rot of rubber, tea, citrus, etc.). 

The mucilage-secreting power of Fames mxius was discovered by 
Sharples (1922), who considered that the cementing of soil around 
the mycelium by this means provided a valuable safeguard for the 
fungus against desiccation. Sharples (1936) has laid great stress 
upon the function of the rhizomorph in protecting the fungus from 





RclOf Pr-i;ase 


dryiiig«oiit whilst external to the host tissues. The outer h}'|ilial 
layers of the differentiated, strands of Phymaiotrkhum fOijiiiVorioii, 
the development of which has' been described in detail by KocuiM.s am! 
Watkins (1938), no doubt help to protect the large centnil liyplia 
from desic'catioii, though the.' strands do not seem lo lie |■>articu!a^ly 
resistant to drying-out; even the sclerotia of F, mnnivorum, unlike 
those of most other species, |.>ossess comparatively little resistance to 
desiccation (see below, p. 77), In Armiihrm mellea, rliiitoiiMirplis are 
developed not only external to the' host fmt also internally as we!!, be- 
tween the bark and the wood ; they %vere distingiiisliec! as Rhisomorphii 
subiemmea and R. subcortiealiSf respectively, liy pEKStKix (Camp- 
bell, 1934). Ill SplmerostUlye repems, rhinoiiiorphs are forinetl only 
between the bark and the wocxl of the host root, though t!iey,s1iow a 
degree of differentiation coniparable to that in Arinlllarm fuelica. 

The capacity of a root-infecting fungus for making a free and iii- 
depeiident spread through the -soil from one host filant ti» another has 
frequently been a subject for controversy. Thus rb-iTCii (1921, 
1923) was convinced that both Pomes Ugmsus and Pork hypoliileriiia 
behaved in this way in the ruM>€r and tea planlalions of Ceylon. As 
a result of field observations on rubber estates in Malaya, Napi'»er 
(1932-34) disf.nited Fetch's assertion that F, ligmsus had more than 
a very limited cajmcity for free growth through the soil, and insisted 
that growth was almost entirely confined lo solid siirfacCvS ; 'the fungus 
coukl travel over the surface of stones and dead wood buried in the 
soil, but could only infect and obtain nourishment frciin living roots. 

In the U. S. A., Taubknhaus and KillohciII (1923) dcclarf’d 


plant to another by root contact. This \dew was disputed by Peltier 
€t aL (1926), who asserted that P, omnivamm spread through the soil 
in the nianner of a fairy ring fungus ; their view, apparently, was based 
upon the observation that *'the point of attack is nearly always on the 
tap root within the first foot of soil, whereas the lateral or side roots 
are usually diseased only at the point of attachment with the tap 
root, , , . If the spread of Omnium occurred through the contact of a 
diseased root wdth a healthy one, then we should expect to find that 
the rot began at the ends of the laterals and worked up to the main tap 
root/' later, Taubenhaus and Ezekiel (193(k.) reported experi- 
ments designed to elucidate this question. Cubes of soil were taken 
from next to recently wilted plants in the active zones of root rot spots 
in cotton fields, and used to inoculate healthy cotton plants. Iiiociiia- 
tions were made by removing soil from beside the healthy plant, wvater- 
ing heavily, and filling the hole with the soil inoculum from which all 
larger roots were first removed. Controls consisted of similar healthy 
plants which were inoculated with freshly infected cotton roots. Not 


Chapter $ 


— 23 — 


Parasitic Activity 


one of the 2367 plants inoculated with the presumably infective soil con- 
tracted the disease, whilst 180 of the 220 control plants, inoculated 
with infected roots, became infected. In another experiment, soil was 
again secured from the active zones of root rot spots in fields on three 
different types of soil ; part of the soil of each type was passed through 
a sieve, and part was left unsifted, ie. with all the original 

roots. Root rot appeared only in cotton planted in the unsifted soil 



Figure 2. — Stages in mycelial strand formation by Phymato trichum omni- 
mrum, 5, Small hyphae beginning to grow over the surface of a central hypha. 
4 Central hypha surrounded by a loose network of small hyphae. T, Deposition 
of the second hyphal layer, (After C, H, Rogers and G. M. Watkins). 

containing the roots. Finally, Taubenhaus and Ezekiel obtained 
further evidence by excavating the soil from about the roots of 117 
cotton plants in early spring. Against selected plants, an isolation 
trench was dug, and the soil immediately around the root system was 
then carefully dissected away with stiff needles and with ice-picks. 
Each soil particle, as it was removed, was carefully examined under the 
hand lens for hyphae of F. omnivorum, diid all roots and rootlets were 
similarly searched ; doulbtful material was studied under the microscope. 
No free spread of the mycelium away from the roots was discovered, 
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though the fungus was found travelling along tlie finrs! favihi^.. and 
spreading from plant to plant by ■ complete or proximate Tout rmiiaii. 
Taubeniiaus and Ezekiel poimecl out that the finer iinVciiil root Ins 
might decay and disappear, leaving strands of tlie fungus apparently 
spreading freely through the soil;- only close to the cc‘l 1 lrc/^ in well 
advanced spots were occasional isolated strancls of the fungus foinisl 
away from roots, and most of ' these were following iiiMut or tMrili- 
worm channels iliroiigh the soil' ' Nevertiieless, when pieriw of freshly 
infected cotton root were buried in natural imsteriliseci soil in glass 



Figure 3, — Apex of rhizomorph of Armiihrm mdim m toiigiludinal section, 
a. Mantle of fUamentous liyphae, b, Central eonducting cells, c, Cells of the 
rind, d. Boundary of enveloping mucilaginous layer. {Aft^r E* Mar tig). 

coutainers, mycelium of F. omnivorum grew from the roots out into 
the surrounding soil, the maximum observed extent of growth being 
10 cm, am^y from the moculum. The mycelium spread more readily 
along the wall of the glass container than through the soil itself, sug- 
gesting that P. Qnmimmm, like Fomm ligmsus, kept to the continu- 
ous surface of a solid body where such was available. 

Another well-known root parasite which has been sliown to spread 
only by root contact k .Ophkbolus grmiinis, cause of the take-all 
disease in cereals. Padwick: (1935) in Canada demonstrated througli 
glasshouse experiments that wharfs nO' appreciable spread of the 
fungus from buried inoculum cxxurred in fallow soil, a spread of as 
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much as 10 inches in 52 days took place under growing wheat and 
species of Agropyron. A very similar experiment -was carried out in 
the field by Adam and Colquhoun (1936) in South Australia; they 
compared the spread of Ophiobolus through a clay-loam soil and 
through sandj in which wheat seeds were planted at distances apart of 
2, 4, 8 and 12 inches. At harvest, no detectable spread of the fungus 
had occurred where the plants were spaced 12 inches apart; maxi- 



Figure 4. — Transverse section through cortex and wood of a pine root that 
has been invaded and killed by a rhizomorph of ArmUlaria mellea, a/ Dead bast 
tissues, b, Dead cambium, c, Medulla of rhizomorph. d. Rind of rhizomorph, 
e, Individual hyphae that have grown out from the rhizomorph. f. Bead wood 
cells, g, Resin duct destroyed by the fungus. {After -R, Martig ) . 

mum . spread of 20 inches from, the original inoculum was recorded 
under the plants spaced 2; inches apart. ■ ■'Fellows and Ficke (1939) 
in Kansas, have confirmed this conclusion as to spread of 0. graminis, 
Garrett (1936) was unable to demonstrate mycelial growth from 
inoculum of this fungus placed on the surface of unsterilised soil in 
covered glass dishes. Nevertheless, it has since been found that such 
growth will occur under special conditions, e,g. when freshly-infected 
straw is buried in moist sand against a glass suiface , the mycelium of 
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the fungus tlieii grows out over the' glass, aiicl mzy even lorrii peri- 
thecia. Here, again, the fungus spreads over a continiiDiis surface, 
but less readily, or not at all, over and ilinnigli a 4li.HO!itiniioiis 
mecliiiin. 

Root excavations carried out under tropical crops birce Ird io a 
similar conclusion. Thus, concerning the spread of Armilkrm meUca 
ill tea and coffee plantations in 'East 'Africa, \\'Ai,tArE ( 1935ii) writes : 
*‘Iiiin<IrecIs of infected coffee and tea roots have bet'ii texaniiiiwl in 
Tanganyika and without exception- infection lias taken place from 
diseased roots lying against or in 'fairly close |)roxiniity to the dead 
bush. It is doubtful whether rhizomorphs have an riTective range of 
more tlian a few feet, but this requires confirinatioiif A similar ob- 
servation has lieen made by Dade (1927) concerning tiie same parasite 
on cacao in the Gold Coast; he slates: 'Tii each (d the hundreds of 
cases which have !>een airefully examined infection has htm {mind to 
be due to actual contact of the.host^s roots with otlitr diseased roots or 
rotting wood/' It must be' added, howxwer, that Dad?: IchukI no 
rliizoinorphs of /I. meika in the soil -of these cacao planiatimis on the 
Gold Coast ; he considered that the heavy texture of the? sml iiia,y have 
inhibited their development. Concerning the spread of I'^anies lufnosus 
on riitiher estates in Malaya, Shahples (193(Vi ileclarcs: 'Tliiiidreds 
of diseased trees have l^een carefully -opened tip, even to dcj.iilis cif four 
feet, and in every ca.«, without. a single exception, the diseased 
niatcriak from wdiich infection lias spread, has lw‘c^ii fotincl iii coiilact 
with the diseased roots at some point. . . . Tliere has bcxii sncli a large 
iiimiber of serious outbreaks which fmve been wifli ciifircly suc- 
cessfully by simply keeping in mind that digging iiiiist lie fcmtiiiiied 
until the actual source of infa:tive -nmterial has been discovered and 
extracted/* 

How, then, are we to reconcile such observations and experiments 
on the subterranean spread of root disease with earlier observations 
such as those of Fetch ( 1921 ) ? The answer is simple enough ; ii is 
essmiial to distinguish between spread of ihe fungus mid spread of the 
disease. Taking Armiilarm meliea as an example, we may recall 
Ellis^ (1929) report that the rhizomorplis of this fungus had been 
found to extend for as much as 22 yards from an infected pit-prop in 
a mine working. Yet Wallace (1935a) considered that the effeciim 
range of the rhizomorphs probably did not exceed a few feet. Further 
experimental evidence upon, this point is obviously required. 

The food-base. ~Tht importance of the foocldiase beliind the host- 
invading mycelium is coming more clearly to lie recognised. Thus 
Bliss (1941) obtained infection with rhizoiiiorplis of A. mellea only 
when these w^ere attached to a suitable substrate ; detached rhizomorphs 
were ineffective. From the irst, the importance of organic connection 
between the infecting hyphae'and the food-base behind them has been 
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generally admitted. Thus, concerning the spread oi Pomes lig.no sms 
through the soil, Fetch (1921) observes: ‘Tt is always attached to 
its base, i,e, the stump on which it originated, and it must derive its 
food from that source until it meets with other dead wood, or a living 
plant which it can attack. In all probability it will die if separated 
from its base, unless it soon meets with fresh material from which it 
can derive nourishment/’ And some years later, concerning the diffi- 
culty of replacing the “natural” food-base with pure-culture inoculum 
of a root-infecting fungus, Fetch (1928) writes: “It is not possible 
to imitate these conditions from pure culture. If the fungus is grown 
in pure culture on agar, the amount of mycelium which can be used 
for inoculation is small, and the agar substratum usually soon dis- 
appears. If, on the other hand, the fungus is grown in pure culture on 
sterilised wood blocks, a similar difficulty is encountered. The volume 
of a block of wood which can be sterilised with certainty is small; 
about 1 cubic inch is usual. Moreover, although a vigorous growth 
of mycelium may occur, it will be found that this is chiefly external, 
and unless the cultures are allowed to develop for a long period, there 
will be little penetration of the wood block.” Tunstale (1930) re- 
ported that he had successfully inoculated tea bushes with Pomes 
naxius by tying pieces of dead wood permeated by a pure culture of 
the fungus onto the roots, but not with any other form of inoculum. 

De Jong (1933) has performed some illuminating inoculation ex- 
periments with Pomes lignosus on rubber trees. When pure cultures 
of the fungus on media other than wood, or the tissue of a fructifi- 
cation, were used as inocula, epiphytic growth of the fungus occurred 
on the surface of the root, but no decay, and the rhizomorplis eventu- 
ally disappeared without having achieved infection. Successful in- 
fection was obtained only through the use of naturally or artificially 
infected pieces of wood for inoculation, and then only if the inoculum 
block was sufficiently large. Inoculation with pieces of wood carry- 
ing the fungus as an epiphyte failed to achieve infection more than 
occasionally, and even then the infection subsequently failed to 
progress. De Jong noted that an infection might frequently be estab- 
lished and then fail to progress further; the decayed patches became 
surrounded by callus and eventually healed over completely. It was 
noticeable that the process of recovery usually started at about the 
time when the wood used for inoculation had itself disappeared 
through decay. Sometimes, however, the decay continued to progress 
after the exhaustion of the original inoculum, presumably owing to 
the weakening of the root by the infection. De Jong’s results are of 
particular signific^^ as they underline the essential fact 

that infection is a “struggle” between the offensive forces of the fungus 
and the defensive forces of the root; the issue of the "Struggle” is 
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likely to te ciecided by the extent of the reserves available cm vitlier 
side. , ■ 

Similar results have been ref,mrt€d by other invest !|?alcjrs. Uhls 
Bliss (1941) reported failure to infect citrus roots with jciire cub 
Hires of Armilhria mellm on nutrient agar or bran ; he acliicvctl suc- 
cess only with naturally or artificially infected wood. Cimjlev 1, 1942) 
was unable to infect apple roots witli cultures of Xyhiria iiuili ii!i agar, 
or on small chips of infected wood, but secured success by the use of 
2-incli lengths of infected twig. Similar difficulties were tiicoiinlered 
by investigators working on Phyntaioirickum amnhmrnm. Thus 
Taubenhaos et al, (191^), reporting on the use of freshly-iiifectecl 
roots as inoculum in experiments with F. omitmiram, remark: 
'Though the disease has been known for more than 30 years and in- 
vestigated extensively, definite progress with it has been liinclerecl by 
the nearly complete failure of experimental inoculations. Thus it was 
not until 1923 that the first experimental proof wvis furnished that 
Phyntaioirkhum omnivorum is the cau.se of root rot. King (1923) 
inoculated cotton plants in the field by inserting cotton roots infected 
naturally or from artificial cultures, in a trench dug next to the roots 
of the plants, and then filling the trench with eartli. Taubenhaus and 
Killougk (1923) succeeded in inoculating cotton plants in sterilised 
soil with pure cultures on mulberry stems or cotton roots.” 

It seems probable, therefore, that infection of the host root by 
mycelium or rhizomorph wdll be favoured by proximity to the food- 
base, by efficient translocation of food itiaiertal along the mycelial 
strands or rhizomorphs, and by ample reserves in the foexi-base; it- 
will be hindered by both passive and active defences of the host, i#. by 
thick cork barriers on the one hand, and by active wound reactions on 
the other. As Gadb ( 1936a) has |K)inted out in a general clisctissioii 
of this subject, fungi such as the species of RmelUnia^ which can use 
leaf-mould and other decaying organic detritus on the surface of the 
^il as a food-base, possess an advantage in their resulting ability to 
make a rapid surface spread in favourable (ie. moist and shady) 
situations ; surface spread in such a situation is necessarily more rapid 
than underground spread. Experiments are certainly needed to de- 
termine the effective parasitic range of rhizomorphs from a food-base ; 
the translocation of food material along the rhizomorphs of ArmUlarm 
melka must be efficient enough to account for a spread of such dis- 
tance over an inhospitable surface as that recorded by Enins (1922), 
cited above. Conduction must be remarkably efficient even along the 
undifferentiated rhizomorphs of Ugmsus, for Mapper (19v 38I?) 
states that they may be epiphytic on the rubber root for as great a 
distance as 15 feet ahead of actual penetration by the fungus ; infection, 
of course, takes place immediately in advance of preceding infection, 
in a continuous wave. 
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The rhizomorph cycles in the three important root-infecting fungi 
found on rubber in Malaya are of much comparative interest,; whereas 
the rhizomorphs of F. lignosus commonly extend for a distance of 5- IS 
feet epiphytically along the root in advance of penetration, those of 
F. noxius and Ganoderma pseudoferreum are usually found only some 
18 inches in advance of the infected zone (Napper, 1938h). In con- 
sequence of this difference, the proportion of total infected trees to 
dead trees will be higher with F. lignosus than with the other two 
parasites. Considering any particular section of a rubber root about 
to be invaded by one of these fungi, the cycle of infection and rhizo- 
morph production may be shown as follows ; 

Rhizomorphs Mycelium Food material in root 

epiphytic invades >. exhausted; fungus produces 

on root root fresh rhizomorphs. 

Concerning this process, Napper (1934) writes: 'Tn nature the 
process is more or less continuous. Infection progresses in a steady 
wave, the advancing column of rhizomorphs being the sum of the con- 
tributions from numerous successive cycles at small phase intervals. 

'The production of rhizomorphs from infected tissue is probably a 
reaction to starvation conditions, the stimulus to production being 
brought into play when the fungus has completely gutted its host of 
all available food material and, although continuing to inhabit the 
empty skeleton, is forced to draw upon its own reserves for the neces- 
sities of life. Rhizomorphs are never produced from newly-infected 
tissue where there is ample food material available for the nourish- 
ment of the fungus. Note here the close analogy with fruit body 
formation.’^ 

In view of the nutritional requirements for root infection discussed 
above, it is not surprising that no investigator appears to have reported 
successful inoculation of any tree root with a spore suspension. Leach 
(1939) failed to achieve infection either of tree roots or of the cut 
surfaces of stumps by inoculation with basidiospore suspensions of 
ArmiUaria.mellea, An apparently similar limitation was found by 
Garrett (1939&) to prevent infection of wheat roots by the asco- 
spores of Ophiobolus graminis under natural soil conditions. In 
numerous experiments with natural soils, with steamed (ie. partially 
sterilised) soils, and with sand, Garrett was unable to secure any 
ascospore infection of the roots, either in seedlings or in older plants. 
The ascospores germinated well on agar, and the agar cultures thus 
obtained were able to infect wheat seedlings in a normal manner. 
Satisfactory infection by ascospores was finally obtained by using 
sterile wheat seedlings growing in sterilised soil or sand, to which 
was added awspension of ascospores in sterile water. By reference 
to the work of Brown (1922) on leaf infection by the spores of 
Botrytis cinerea, Garrett concluded that the ascospores of O. gramims 




Gairttt 




Meet Pisetse Fnii^i 


required an external food supply before they could establish root in- 
fection. In sterile sand, such food material was assm!jc<l to be pro- 
vided by the root excretions of the wheat seedlings, which would be 
wholly available to the germinating asco.spores ; in uusterili&ed sand, 
on the other hand, such root exrretions would lx: quickly assimilated 
by other micro-organisms around the roots. 

Spread Internal to the Host; — A different method of sub- 
terranean spread is found amongst the vascular parasites, such as 
Vertkillium alho-atrum and the wilt-producing species of Fusarium. 


1 Fig0se 5. — Mycelium ot VerticUlmnt albo-alrum in water-conducting vessel 
of potato. (After /. Reinkt tmd G. Srrtkold). 

After passing through the cortex opposite the point of invasion, the 
fungus enters the water-conducting elements of the xylan (hence the 
name tracheomycos^ applied to diseases caused by these fungi) , along 
which it spreads in either direction. It does not leave the vascular 
cylinder until death of its host plimt is imminent. No means of active 
spread through the soil exc<^ from plant to plant by root contact has 
been demonstrated ioi any fungus belonging to this group ; quarantine 
measures based on this assiimption appear to have been completely 
successful in limiting the tictive spread of Panama disease {Fusarium 
oxysporum cubense) of bananas in Jamaica (Cousins and Suther- 
land, 1930). From these eterawations, it follows that a root does 




Figure 6. — ISIycelium of Fusarium oxysporum ciibcnse in water -conducting vessel of banana, tj Dead tyloses. {Aper C. W. Wardlaw) 
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not become infectious to^ other roofs in contact with it as soon as it 
has become infected^ because the does not emerge from the 

. mscular cylinder until the disease its penultimate phase in the 

plant* 

In an experinieiit to test this assumption, Roberts (.1943) 
found that appro.ximately twice as many tomato plants became in- 
fected in a given time around V erticillium4niecttd plants that had 
died as a result of bark-ringing as became infected around similar 
VertkilUum-mitcttd plants that had not been ringed and still remained 
alive. Some data obtained by McKay (1926) in field experiments 
on VerticilUum wilt of potatoes may be interpreted by the same hy- 
pothesis, McKay reported that the periodical rogueing of wilted plants 
throughout the growing season did not decrease the incidence of in- 
fection amongst immediately adjacent plants in the same row, but 
actually increased it, from 19 to 24.4% (the percentage infection was 
estimated at the end of the season by determining the proportion of in- 
fected tubers). Single-plant rogueing of infected individuals would 
not, of course, be expected to check the spread of the disease, but the 
slight though probably significant increase in spread was perhaps 
rather surprising. McKay himself suggests the following explana- 
tion : seems reasonable to suppose that where diseased plants are 

rogued the roots of adjoining plants would grow more freely into the 
area formerly occupied by the diseased plant, and since in rogueing 
diseased plants many VeriiciilmmAnvsidtd roots would be broken off 
and left in the ground the chances of spread might be increased rather 
than decreased/^ On the basis of RoBERTS^ experiment, McKay^'s 
explanation may perhaps be supplemented by suggesting that the 
violent removal of wilted plants from the ground, in the act of rogue- 
ing, hastened the death of those portions of infected roots left behind 
in the soil, with the result that the fungus emerged from the vascular 
^ cylinder of such roots earlier than it would have done had the plants 
■ been left undisturbed. ' 
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, INFLUExNCE OF SOIL TEMPERATURE UPON 
PARASITIC ACTIVITY 

Soil conciiticms may influence the occurrence of soil-hurne flisease 
in a variety of ways. Mpst important is their direct inilneiice iipciii 
the parasitic activity of the root-inleciing fniigi, aiic! their indirect iiiU 
Alienee tliroiigli IFe nicdiiim of host resistance. ^ Of less iinporiance is 
their cf&ctl upQii. 5 «n*iya 1 ^{ J.he periods Jyet ween sus- 

ceptible crops. If the soil is favourable to the cievflopineiit of disease, 
the amount of infectious material left behind in the soil for infection 
of the next susceptible crop is much increased. It thus happens tliat 
soil conditions often influence the survival of a root-irifectiiig fungus 
more strongly in an indirect way, viz. by increasing or by decreasing 
the ainoiint of inoculum left in the soil, than in a direct way by their 
effect on the survival of a given quantity of inoculiiiii. To take a 
specific example, Taubenhaus ct aL ( 1937) showed that both incidence 
of cotton root rot in the current season, and the amount of Phymaia- 
trichum omnmmim surviving in the soil to the next cotton season, 
were, greater in alkaline tlian in neutral or acid soils ; a greater bulk of 
the fungus survived the winter in such soils because the amount of in-' 
oculum left behind in the soil after cotton harvest was greater. It is 
quite possible, therefore, that survival of. unit quantity of inoculum was 
greater in acid or neutral soils than in alkaline soils. Indeed, in ex- 
periments upon the take-all disease of. wheat, Gaeektt (1938&, 1940) 
and Peixows (1941) showed -that survival of Ophmbalus graminis 
was greatest under those conditions of soil leoiperature, aeration and 
moisture content least favourable ( i#. within the exf>erimental ranges 
employed by them) to parasitic activity of the fungus. 

Another way in which' soil conditions may affect the incidence of 
disease is through their influence upon dispersal or passive spread of 
the parasite ; fungi may be spread, lor instance, through the agency of 
floods, or by irrigation. 

In this and the two f 0 llowii 3 g:. 4 h^«^s, the influence of soil con- 
ditions upon the incidence of feClbbg^ CTdisease may now be examined 
and discussed under the f ollowm^^ads ■ 

(i) temperature (iv) reaction 

(ii) moisture content (v) organic content 

(ill) texture (vt) concentration of plant nutrients. 

For this purpose, free use will be made of a previous compilation 
by Garrett (1938a). In aimlysing these observations and experi- 
mental results, the followiiig generalisation may be kept in mind : 
conditions will exert the greatest direct influmce upon those roof-iw- 
fecimg fungi that spread chiefiy by mycelium external to the host^ and 
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the. greatest indirect influence, through the physiology of the host, 
upon those fungi .that spread only inside the host, „ 

Temperatures — Soil temperature exercises an important effect 
upon the occurrence of soil-borne diseases, often determining not only 
their relative prevalence at different times of the year, and from one year 
to another, but also their geographical distribution. Our knowledge of 
the operation of this factor is due very largely to the work of L. R. Jones 
and his collaborators at the University of Wisconsin, a monographic 
account of which has been given by Jones et al. ( 1926) . The Wiscon- 
sin school developed the well known soil temperature tanks for the 
study of soil-borne diseases under controlled temperature conditions ; 
they did not confine themselves to a study of the temperature factor 
alone, but concurrently investigated the effect of variation in soil 
moisture content and other component factors of the soil environment. 
The accurate control of soil temperature that they obtained was later 
followed by control of air temperature as well, though this refinement 
has not added much to the important results previously obtained by 
the use of the soil temperature tanks alone. Experiments carried out 
in the temperature tanks on development of a particular soil-borne 
disease were supplemented by a study of the growth of the parasite 
at different temperatures in pure culture; last but not least, extensive 
records of soil tempercitures were collected in the field, for correlation 
with prevalence of soil-borne diseases at different times of the year, and 
from one year to another. The importance of such supplementary 
field observations is emphasized by Jones et al, who remark: “The 
environment under which such plants are grown experimentally is 
never duplicated under natural conditions of growth. For example, 
the experimental soil temperatures here discussed were, as a rule, held 
approximately constant or else at two regularly alternating points as 
contrasted with the irregular fluctuations in nature. The avoidance 
of hasty and unsound judgments has been, therefore, best insured in 
our experience through coupling field studies with those of the green- 
house. Close observations as to disease development under natural 
conditions in the field correlated with field temperature records greatly 
increases one's confidence in the interpretation of such experimental 
data/’ Such a conjunction of extensive field data with the results of 
controlled temperature .experiments .in .the Wisconsin tanks may, be 
considered to have .'established certain, important, soil-borne .diseases 
as high temperature diseases, and others as low temperature diseases; 
diseases favoured by high temperature are cabbage yellows (Fusarimn 
congliifmans) , tomato wait (F. bulbigenum var. lycopersici) , flax wilt 
(F. Uni), and seedling blight of wheat (GibbereUa saubinetii), whilst 
diseases favoured by low temperature are onion smut {Urocystis 
cepiilae), tobacco root rot {Thielamopsis stem canker of 
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potatoes (Rhimetonm SQlam),md seedling bliglit of corn {Gibbereila 
smibmeiii). 

The optiinuin temperature for development of caW:iage yellows, 
a vascular wilt, in the Wisconsin tanks, was found hy Tisdai.e (1923) 
to be approxiinately 26*C, whilst the optimiiiii temperature for 
growth of Fimrmm cmiglutimns on agar was the The teni” 

perature optima for developineiif of two other wiscular wilts were 
only a degree or two higher. The optiiniini for tomato will was found 
by Eogemton and Moreland (1920) to be 29*'C., and by Clayton 
(1923a) to be 28®C., and the optiinuin temperaiiire for growth of 
Fusmium Indbigenum var. lycoperski on agar was determined by 
Clayton as 28°C. The optimum for flax wilt was found by Jokes 
and Tisdale (1922) to l>e 24®-28°C,, with an optimum of 26®“28®C. 
for growtli of Fusarinm Uni on agar. 

. All interesting contrast between the behaviour of tiie tomato wilt 
due to Fusarinm bidbigenunt var. lycoperski and that of another vas- 
cular wilt of tomato due to VerikUlmm albo-airum was flemoiistratcd 
by Bewley (1922) in England. Bewley found the optimum tern- 
}x?.raltire for development of VerikUlmm wilt to be 21 ®“23®C. ; at 25 ®C. 
and aliove, development of the disease was inhibitccl. He incciilated 
his plants by liyfMXotyl stab and and not through the soil ; infection oc- 
curred at 25 but made, cornfmratively little f progress in the vascular 
cylinder, and seemed to have no adverse effect upon growth of the 
tomato plant. Bewley also found that wilted plants could l« **c«red*' 
by transferring them to a glasshouse in which the average temperature 
was not less than 25 ®C.; if such plants were later moved back to the 
lower temperature house,' the ■persistence of tlie “cure” apfxjareil to 
vary directly as the duration. of the high temperature treatment. The 
beneficial effect of high, temperature in assisting recovery was found 
to be augmented by shad.mg the plants. At' the same time, Bewley 
gave data concerning the . occurrence of these two \>ascular wilts of 
tomato in England, m^hich supported both his own coiiclusioiis concern- 
ing Vertkillmm wilt and those .of the .American workers concerning 
Fitsarmm wilt. VerikiUmm wilt had \^n found to occur more fre- 
quently in England than Fusarium wilt, which was comparatively 
rare. Vertkillmm wilt normally apfjeared about the middle of April 
and increased in intensity up to the second or third week in May. 
The attacks usually died down during the second half of June, were 
scarce or absent altogether in July and August, and reappeared at the 
end of September, when the plants died preimturely. fitsarium wilt, 
on the other hand, occurred at the hottest part of the season, usually 
in July and August. 

The optimum temperature for development of onion smut, a low 
temperature disease, was found by Walker and Jones (1921) to be 
19^-22®C. ; the optimum temperature for germination of chlamydo- 
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spores and liyphal fragments was shown by Walker and Wellman 
(1926) to lie between 15° and 20°C., a range which is lower than the 
optimum temperature for vegetative growth of the majority of fungi 
(25°C*). Walker and Jones further discovered that the onion 
seedling was susceptible to infection by U. cepulae only via the young 
parts of the cotyledonary leaf, which later became covered by the 
sheathing bases of the outer leaves. The period during which infec- 
tion of the young plant could occur from the soil was limited to about 
three weeks ; higher soil temperatures were therefore thought perhaps 
to diminish the chances of infection by reducing the length of this 
susceptible period. 

A similar effect of high soil temperatures in diminishing infection 
by hastening the emergence of sprouts was thought by Richards 
(1921, 1923a) to play some part in reducing incidence of stem canker 
of potatoes due to Rhisoctonia solani at higher soil temperatures. Thus 
Frederiksen et al. (1938) recently demonstrated in Denmark that 
deep planting (12 cm.) of tubers aggravated the incidence of stem 
canker, whereas shallow planting reduced it to a minimum. Richards 
determined the optimum temperature for development of stem canker 
as 18°C ; above 24°C., little damage was caused by this pai^asite. The 
optimum temperature for growth of i?. solani in pure culture is ap- 
proximately 25 °C., but stem canker damage was found to be worst at 
18° C. not only in potato but also in cotton, pea and bean (Richards, 
1923&). In view of the fact that development of some of these hosts 
was better at temperatures above 20°C,, and that of others was better 
below this temperature, Richards concluded that the temperature 
optimum of 18° C. for stem cankering was connected in some way with 
the physiology of the parasite rather than with that of the host, nor 
was it to be wholly explained by the ‘‘disease escaping’" result of more 
rapid growth (a high temperature may promote more rapid emergence 
of a plant from the soil, but the same plant may eventually make its great- 
est growth at a lower temperature). Richards therefore suggested 
that, although 25°C. might be the optimum temperature for (most 
rapid) growth of i?. solani on agar, a lower temperature might pro- 
mote the best production of enzymes or toxins essential for develop- 
ment of parasitism. Some strains of this fungus are known, however, 
to have a much higher optimum temperature for disease production ; 
LeClerg (1934) found the optimum temperature for development of 
root rot in sugar-beet to be 25°-33°G., and Vasudeva and Ashraf 
(1939) demonstrated that the root rot of cotton due to i?. solani in 
India was most severe at 35 °C 

Tobacco root rot, another low temperature disease, was found by 
Johnson and Hartman (1919) to develop best at 17°-23°C. ; at 
26° C. the damage was considerably reduced, and at 29° C. the amount 
of infection was negligible. The optimum temperature for growth 
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of Thkkvwpsis haskola m pure culture* hcm^cver, foiifitl tti he 
28®-30^'Cl CoNANT (.1927) studied the reaction fd variclirs of 
tobacco, Miscei'ilible and resistant to F. Imskala, to iiifrctiiiii at tetii- 
penitiires of 20'’, 25®. and He i)bscr%^rcl a dose rorrdatifci be- 

tween cork funnatioii and resistance to infetimi, Ik^Ii in the rc\sislaiit 
variety, which was resistant at all three teinperattires* and in the sus- 
ceptible variety, which was resi>!aiit at 30® C. Jfoxrs d at (1926)^ 
comnientini? upon Conant’s (then unpublished i restills, remark: 
'*The difference between susceptible and resistant plants may not be 
priiuarily in relative j-Hitential phellogen activity but in the fact that the 
resistant plant has some inherent quality or characteristic which so 
slows down the fungus invasion as to permit time for such cork for- 
Illation to occur. In any case, however, the 'corking-out' rd the fungus 
is the 'final and evident expression of the fungiis-ixsisting reaction.” 
This reservation made by Jones el ciL in accepting Coxant’s roiidu- 
sions in full lias been confirmed .by Jewett ( 193 K), who was unable 
to sulistantiatc Cohant's claim that resistance to F. Imskok could be 
correlated with cork formation : she conckided tliat resistance was not 
associated with any such atiatomical factor, 

A comparison was made aliove between two vascular mult parasites 
of the toiriato, FusariufH hulhifjeman var. lyroperski aiifl VeriiciHiMm 
aUm-atnim, with w'idely different temperature optima fctr disease pro- 
ductk'iii in the same host, Dh'k.son ( J923), in a now dassical study 
of seedling blight in wlieat au<l corn, demonsiratetl that a single fungus, 
Gibherdta saubinetii, might have widely dillereiit leniperaliire o|)tima 
for disease i>roduclioit in different hosts, wr. wheat and corn. Whereas 
seedliiig Idiglit dcvelofied to the greatest extent in corn at low soil 
temperatures (8*-16®C,), the disease affected wheat seediings most 
severely at relatively high soil temperatures (16®-28^C.). The 
optiiniiin temperature for development of seedling hlight in each cereal 
was therefore that furthest removed from tlie optiiiiuiii temf>erature 
for development of the underground parts of the host plant, Dickson, 
and Dickson ei ah ( 1923 ), further elucidated the reasons for this 
difference in temperature optimum for disease development, as fol- 
lows. The cell membranes of the seedling sheath of both wheat and 
corn are at first composed chiefly of i>ectic substances, and arc easily 
penetrated by C. smlmeiii; under conditions optimiini fur plant de- 
velopment, the membranes jmss quickly through l!ie sitsceptibfe pectin 
.stage to the mature condition, in which celhiloses and even lignin or 
snberin predomiimte. These less easily hydrolysable celt wall constit- 
uents were found to resist jienetration by the parasite. Under ad- 
\xrse conditions of temperature, Le. in corn sown at low temperatures 
and in wheat sown at high temperatures, this natural development of 
resistance is retarded; other advert conditions, such as too low a 
moisture content of the soil, or too low a light intensity, were found to 
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produce the same result. Dickson and Holbert (1926) demon- 
strated a similar sequence of events in their study of resistance to 
seedling blight in susceptible and resistant lines of corn at a range of 
temperatures. 

Results obtained in the investigation of two other soil-borne dis- 
eases of wheat show a curious discrepancy, upon which Jones et ak 
comment. The optimum temperature for development of the disease 
caused by Helminthospormm scttivum in wheat seedlings was found 
by McKinney (1923) to be about 28°C. ; the optiniuni temperature 
for development of the take-all disease, due to Ophiobolus graminis, 
was found by McKinney and Davis (1925) to lie between 12'' and 
16" C The optimum temperature for growth of both fungi on agar 
was 25 °C. McKinney and Davis pointed out that whereas the high 
temperature optimum for the disease caused by H. sativum was 
readily explicable as being most favourable for activity of the fungus 
and least favourable for development of the wheat plant, this expec- 
tation was contradicted by the behaviour of the take-all disease. 
This puzzling anomaly was brilliantly resolved by Henry's (1932) 
experiments on development of the take-all disease at different soil 
temperatures. In imsterilised soil, Henry obtained a disease-tem- 
perature curve similar to that of McKinney and Davis for 0. grami- 
niSj with a peak of 18" C. ; in sterilised soil, however, the curve more 
nearly resembled that of McKinney for H. sativum, inasmuch as the 
temperature optimum had shifted upwards. Henry therefore sug- 
gested that the fundamental disease-temperature curve for O. graminis 
had been obtained in sterilised soil, but that in unsterilised soil an un- 
controlled factor, m:s. microbiological antagonism to the parasite, had 
increased with rise of temperature and, by curtailing the activity of 
O. graminis, .hzd masked the effect of rising temperature upon the 
host-parasite relationship. Henry's findings were confirmed by 
Garrett (1934a), who found the optimum temperature for develop- 
ment of the disease to be approximately 24° C. In a review of pub- 
lished and unpublished work on the relation between cereal foot rot 
diseases and soil temperature, Garrett (19345) applied Henry's con- 
clusions to other data, and showed that the masking effect of micro- 
biological antagonism, which increased with rise in temperature, 
appeared to be more pronounced where cultures of the parasites on 
cooked cereal grains had been used as inoculum than where spore sus- 
pensions had been employed. In the ultimate analysis, therefore, the 
difference between the results of McKinney (1923) with H. sativum 
and those of McKinney and Davis (1925) with 0. graminis might 
be attributed to the fact that H. sativum produces conidia profusely in 
culture (a spore suspension was used by McKinney' as inoculum), 
whereas 0. graminis is usually sterile (a mycelial culture on oat and 
barley kernels was therefore employed by McKinney and Davis as 



inociiltiin). From a review of all available fxiicTiiiienlal evidence, 
Gakmett (1942) has concluded that the take-all dihcase is iavoiired 
by high soil temperatures, with an optiinum around 25 H, I. A similar 
interaction of microbiological aiitagoiiisni with teniperainrt! has been 
suggested by Schroedek and Walker (1942) to c^xplain tiieir oh- 
scrvatiori tiiat whereas wilt disease of ikm due to Fusup^ium fhtysparum 
{. pisi race 1 developed in an iinsterilisetl virgin soil most rapidly at 
18"’ C., in sterilised sjind with nutrient soliilicin it developed most 
rapidly at 27®“30''C. As a postscript to the discussion of this par- 
ticular problem, a quotation from Jokes ei ul. niiist now be credited 
with prognostic significance: second difficulty constantly 

consideratiem in such work is that of eliminating the cccii 
variables other than the one tiiKler considenitioii which was, oi course, 
soil temperature in most of the cases here disciissedA 

Temperature optima may te widely different not only for the de- 
velopment of different parasites in the same host and ior the develop- 
ment of the same parasite in different hosts, lint even for different 
phases of infection by one parasite in a single host For example, 
Porter and Meliius (1932) found, that wdiereas pre-€!iiiergencc rot of 
water-melon seedlings due to FMMrmm bulbigenum var. nivenm was 
more severe at a low leniperature (16^-18®C.) than at a high tcnijjera- 
ture {25®”*28®C.), the wilting of the young seedlings was more serious 
at the liigher tem{>eratiire. An almost iclenlical observation lias been 
made by Greeves and Muskett (1936), who found that mliereas pre- 


perature (23®CG» Both pairs of investigators attributed the high 
incidence of pre-emergence killing at low temperatures to delayed 
emergence of the seedlings. , . 

It follows, therefore, that temperature may determine not only t he^ 
Jntens^ but also the type i nfection within the host p lant. Thus 
Schroeoer and Walker (1942) have pointed*out that two vascular 
wilt fungi, Fusarium oxysporum f. pm race 1 and F. nmeum, cause ex- 
tensive cortical decay of the roots when the host plant is grown under 
adverse temperature conditions. Thus F* oxysporum L pisi produces 
root necrosis in peas grown at too high a temperature (27®-30^C.), 




a temperature (16°-18°C.). 

Lastly may be considered the effect of soil temperature upon the 
CKCHTrencp of . a soitbpiag disease in the field ; this may be expressed 
in at least three different waySj (i) by^ variation in incidence of the 
diswe according, to the time of whereby control can sometimes 

be secured in practice tHrcrngtrilteration in date of planting,! (ii) by 
fluctuation in previence^ the diseasTlTom one year to anotlier, (iii) 
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by limitation of the geographical distribution of the disease. No better 

exSnples of the last“effecrc¥h"'Be^given than those quoted by Jones 

et aL: ''It is strikingly exemplified in the case of onion smut. Wherever 
this occurs in the United States, it is an introduced parasite. The 
fungus spores are regularly transported with diseased bulbs and 
especially with onion sets froni smutted fields, as well as in other ways 
with such soil. As a result, since first detected in Massachusetts about 
fifty years ago, it has insidiously spread and established itself across the 
northern States. Its complete absence in the Gulf States, where it has 
been regularly introduced with onion sets finds a surprisingly simple 
explanation when one knows how temperature, during the germination 
period, functions as a limiting or 'conditioning’ factor. . . . The cab- 
bage Fusarium (cabbage yellows disease) is quite regularly serious in 
the second tier of northern States from New Jersey to Iowa and occurs 
in the southern parts of the most northern States, e.g. New i York, 
Wisconsin. It disappears, however, as one proceeds northwards in 
these northernmost States primarily, we believe, because the summer 
temperatures are not regularly quite warm enough.” 



Chapter 5 

INFLUENCE OF SOIL MOISTURE ('ONTF.NT, 
TEXTURE, AND REACTION UPON 
PARASITIC ACTUTTY 

Moisture Content: — IM>eases known to he L\oim'd In high 
soil iiini.sture content are given in Table 1, taken front « Iahkett 
(I'AlSa). 


Table !. Diseases fatxmrfd by hi:ih sta! moisture ixmlent: 


Funcus 

Disease 

At'THOlilTIES 

plasm adwi^hom brasskm 

CluhrcKrt of cnlcif^^rs 

MfiXTLITIi ( 1*124 1, 

K A 01 MOV A (1933) 

su bierranm 

Povvekry scab of potato 

Hlattnv (1‘M5) 

Synckyirium eminbuitkum 

Potato m-art 

CiAKKr; (1925), 
ESMAM'lf 

Aphano myces eu tekhis 

■ Root rot of pea 

I‘. 1C Jones & 
IiRKciisuai (192S), 
llAKKsritiR (1926) ■" 

PylMum arriiefunnanes 

R«it rot of siigar«caiie 

Fum (I'Wll, 
fAKJ'FNTI-.ll ( 1934) 

P, arrlimornGfits 

RiK)t rot of corn 

J OH A AIN ef ill. ( 1928) 

Sdifiispifm gmmmkaiG 

SectlHiig blight of Ilaliaii 
millet 

Tasui'Ji ( l!IJS) 

Phyiiipkth(wa eaci&rum ' 

■ Oowo f'ot of rhiilmrb 

Beach (1922) 

P. emihmmi 

Ink tii.srase t)f chestmit 

IliJK 11922} 

P. dmmmomi 

Fiiieapple wilt 

Lewccick: (1935) ^ 

P. pmasiika 

Various 

Bewijv (1923), 

(193)) 

Fusmium amitmm 

Chilli fK'piser wilt 

CsAWFoieii ( 1934) 

F. €ubms£ 

Banana wilt 
( Panama disease } 

Warulaw’’ (1935) 

P. lycGperski 

Tomato wilt ' 

FIEXTavton (1923), 
White (1926) 

F. Qrtkocems var. pisi 

Pea wilt 

Staw (1932) 

FMarium sp. 

Celery yellows. 

Ryker (1935) 

Ar miliar m wteMea 

.^Muslirwiii, root rot 

Dade (1927), 

Garb (1927) 

Calonecirw ffmmmkolu 

■ Snow inouM of cereals 

Eleneff (1926) 

Hel mmihosparmm saimm 

Foot rot of cereals 

McKinney (1923) 

Scieroima scler&tiomm 

Collar, rot of lettuce 

Sanies AC (1922) 

Sphaerosiilbe repens 

Violet ro»t rot of tea 

Tun STALL (1922) 


. The first eleven diseases listed in Tabic 1 are due to pl\vcoiin‘ce- 
tems fitiigi and other organisms which infel the host by means of free- 
swiiiiiniiig zoospores ; when soil moisture content falls below a certain 
value* infection is usually completely inhibited. Thus Monteith 
(1924) found in controlled soil moisture experiments that infection of 
cabbage seedlings by Plasmodiophora brassicae occurred at moisture 
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contents of 60% saturation and above, but not at those of 45% satura- 
tion or below; the severity of infection increased with rise in moisture 
content. Similarly, Smith and Walker (1941) found practically no 
infection by Aphammyces euteiches at a soil moisture content of 45% 
saturation, whereas 72% infection occurred at a moisture content of 
75% saturation. Hickman (1940) has recently demonstrated that 
the occiirrence of red core root disease of strawberries, due to Phy- 
fopkthora fragariae, depends upon high soil moisture content. 

The next five diseases on the above list are vascular wilts due to 
species of Fusarium; to these may be added Fiisarium vasinfectum, 
which was found by Tharp and Young (1939) to produce maximum 
disease at a moisture content of 80-90% saturation. Pontis (1940) 
reported percentage of wilt in chillies due to the same fungus to be 
increased by frequency of irrigation in a field experiment ; satisfactory 
control of this disease was secured by planting ''on the ridge”. Evi- 
dence is accumulating to show that infection by the vascular wilt fungi, 
including VerticiUmm albo-atrmn, is favoured by the "soft” type of 
growth promoted by high soil moisture content and heavy nitrogenous 
manuring (organic or inorganic) ; the opposite conditions seem to 
reduce the incidence and severity of this disease not so much by reduc- 
ing the original number of root infections as by restricting the active 
development of the vascular parasite within the plant. This has been 
demonstrated by Clayton (1923), Fisher (1935) and Cook (1937) 
in experiments on the effect of nitrogenous manures upon the sus- 
ceptibility of tomato to infection by Fusarium bulbigenmn var. lyco^ 
persi-ci, whilst very similar results have recently been obtained by 
Roberts (1943), working with the same host but with another vas- 
cular parasite, V ertkillimn dbo-atrum. 

In some situations, high soil moisture content may increase the prev- 
alence of a soil-borne disease in another way, by flood dispersal. 
This factor is said by Wardlaw (1935) greatly to have influenced the 
distribution of Panama disease of bananas. fVery^higK, soil moisture 
c ont ent m ay a lso, by reducing soil aeratloiL injure the roots of the host 
plant and thus affordjngress to such parasites^ as Sphaerostilbe repens, 
the cause of vioiet root rot in. var ious tr opica l and^sub-tropical crops. 
Factors predisposing sugar-cane to Pythium arrhe^wmanes root rot 
under the conditions of high water table and impeded drainage in the 
heavy clay soils of the Louisiana sugar belt have been investigated by 
Rands and Dopp (1938). Hydrogen sulphide and salicylic aldehyde 
were selected as examples of substances accumulating in soils under 
semi-anaerobic conditions, and the effect of these two substances upon 
the predisposition of siigar-cane to root rot in nutrient sand 

culture was tested. Hydrogen sulphide was not found significantly 
to intensify the effects of the disease. On the other hand, salicylic 
aldehyde in concentrations of 20 to 40 p.p.m., which had little if any 
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iiiiiieiice on cane growth in the absence of the fiingiis and showed no 
effect on the growth: of the ftwigns in cuitnre, apparently so predis- 
posed the roots to infection' in the presence of the fiiiigiis as to result 
in a rediiciion in weight' of the plants from 2 to 7 times as great as 
that caused by the fungus alone. . 

Next for consideration comes a group of diseases that do not re- 
quire a liigli soil moisture content for developinriit, Ini! are yt*t more 
severe in wet seasons, and may be virtually aliscm in iiimsiialiy dry 
ones; root rot {Phymatoirkhum mmworum) of cotton and take-all 
{Ophiohohis graminis) of cereals fall within this class. Ezekiel 
(1938) reported that whereas the presence or absence oi cotton root 
rot 111 different sections of Texas seemed to Ix! detenninrtcl by the 
coincidence of favourable neutral to slightly alkaline soils with mean 
normal temperatures atove its prevalence irc^ni year to year 

was apparently limited chiefly by the rainfall from the beginiiiiig of 
April to the end of July, Multiple correlation analyses of root rot 
losses ill 10 selected counties of Texas, in which the soils were approxi- 
mately equally favourable for development of this disease, sliow’ecl that 
an increase of one inch of rainfall in April or ^hij was asswiated 
with an increase of about 15% in root rot, one inch in June with an 
increase of a!.>oiit 20%, and one inch in July with an increase of some 
30% in the disease. Variation in August rain tall did not seem to 
affect the incidence of tmi rot. The prevalence (♦! the take-'af! disease 
of wlieat in Saskatchewan over the 5-ycar period 1923-27 was corre- 
lated by Russell (19^) with aggregate rainfall for June, July and 
the first half of August, whilst GAEEEtr (!934fi‘K from a historical 
survey of the 34-year period l^)0-33 in South Australia, was able to 
correlate abundance of the same disease with aggregate rainfall cliiririg 
the spring months of August, September and October. Commenting 
upon the distribution of lake-all in the Murray Malice district of the 
same State, Griffiths (1933, 1940) declared that little damage was 
done by the disease in Icxmlities witli an average rainfall of 10-12 
inches, but that as the rainfall increased, so did the dismse become 
more prevalent. 

Turning now to those diseases favoured by low soil moisture con- 
tent, listed ill Table 2 (Gmleett, 1938ci), we find the cereal smuts 
conspicuous as a group. A^ soil moisture content decreases , aeration.. 

to proves, and this mav_accaim L...i.or the .die 

^^nomyces spp. (Sanford, 19^) and of the*Tcreal”smut fungi 
Ling (1941) has demonstrated, however, that soil 
moisture content affects fte development of the stripe smut fungus 
{Urocytis occuUa) witWa the rye plant, in addition to any effect 
that it may have upon the incidence of initial infection. A sufficiently 
content mu^ also favw r infection of 'young 
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Table 2. Diseases favoured by low soil moisture content: ' — . 
Fungus Disease Authorities ■ 


Actinomyces poolensis 
A. scabies 

Sorosporium reilianum 
Sphacelotheca sorghi 

S. cruenta 
Tilleiia iritici ) 

T. levis J 

Urocystis iritici 
Ustilago avenae 

U. levis 
U, Jwrdei 

Fusarium hyperoxyspormn 
F. batatis 

Gibberella saubmetii 


Pox of sweet potatoes 
Potato scab 

Head smut of sorghum 
Covered smut of sorghum 
Loose smut of sorghum 

Bunt of wheat 

Flag smut of wheat 
Loose smut of oats 

Covered smut of oats 

Covered smut of barley 


Poole (1925£i) 
Millard (1923), 
Sanford (1923) 
Christensen (1926) 
Reed & Paris ( 1924o) 
Reed & Paris (1924a) 
Gibs (1924), Rabien 
(1927) 

Paris (1933) 

Reed & Paris (19246), 
Johnston (1927) 
Reed & Paris (19246) , 
Johnston (1927) 
Rump (1926) 


Stem rot of sweet potatoes Poole (1924) 

Seedling blight of wheat Dickson et al (1923) 
and corn 


seedlings by retarding emergence; Jones and Seif-el-Nasr (1940) 
have shown that infection of wheat by Tilletia levis and Urocystis 
iritici^. of barley by [/. hordei, and of millet and broom corn by Spha- 
celotheca sorghi is favoured both by a relatively dry soil and by deep 
sowing. Dickson et al. (1923) demonstrated that the greater de- 
velopment of seedling blight of wheat and corn due to Gibberella 
saubmetii in drier soils was due to a retarded development of the 
normal host resistance; Muskett (1937) has recently shown a 
similar relationship to exist between Helminthosporium avenae nnd 
the oat plant. 

Texture: — Relatively few soil-borne diseases appear to be 
favoured by soils of heavy texture, as shown by Table 3 Garrett, 
1938a). ' ■ ■ 

The eye-spot disease of cereals is not a disease of the roots, but 


Table 3. Diseases favoured by heavy soils : — 


, ' Fungus 

Disease 

'Authorities, , 

Cifcosporeila herpo- 
trichoides 

Eye-spot disease of cereals 

Oort (1936) 

C alone ctfia graminicola 

Snow mould of cereals 

Korff (1924), 

Laube (1926) 

Sclerotinia gramineanmi 

Snow mould of cereals 

Khokhryakoff 

(1935) 

Sphaerostilhe repens 

Violet root rot of tea 

Tunstaix (1922), 
Pinching (1925) 
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affects the stem just above soil level; the iuociiliiiii, howcn’tfr, may be 
partly soiWiornca Recent work by Sfiaoue ( 1937 1 imlicatcs that 
heavy soils favour the disease insofar as they promote a higher rela- 
tive humidity of the atmosjihere around the stern bases af the plants 
just above soil level, owing to inijM^clccl drainage, Tlie snow iiiouM 
diseases of cereals are also favoured by high soil inciisiiire cniueiit; 
clraiiiage of water from the melting snow* is slower on the heavier 
soils, llie relation between the cccurrence of violet root rc4 and high 
soil moisttire content, due to im{>eded drainage in lieavy soils, lias been 
noted !)y iiiiiiierous observers. 

The iTiajority of soiM>orne diseases seem to 1« favoured !iy light- 
textured' soils, as indicated by the list in Table 4 (CiARMETT, 1938f3). 

Table 4. Diseases famnired by iighi soils : 


Fungus Disease AniiowTiES 


Actimmyces scabies 
Bairyodtpifldm Ihmbmmae 
Fifmes iimtihms 

F. imidns 

F. fioja'iLf 

Pus&rmm cubense 
F* Uni 

F, hypemxyspGfum \ 

F. bataiis | ■ ' 

F. arlhmerm var. pm 

F. msinieetum 

Fusarium sp. 

0 ph i&boiMS g m m in is 
SderoHnia scieraiiarum.. 
S’, trifolmrnm 
Spomgospora subferranm 
TiUelm iriiici ) 

T. kms I 


Potato- scab . ■ ' 

Irileriial r^iot rot of tea 
Red rot of pines 

Rwjt rot of ccconiit paltns 
Brown rc«:)t rot of tra and 
riiliber 

Pa!-?ama dtsea-se of bananas 
Flix mill 

.Stem rat 'of sweet fKitatoes 
Pea wilt 

Cotton wilt 

Collar rot of peas 
Take-all of mdieat 
Collar rot of lettuce 
Clover rot .. 

Powderv scab of potatoes 

Bunt of w,heat ' 


yflLl.ARII (1923) 

Tun STALL 1. 1^22) 

ANiifasoN (1921), 
Fau'k (1930 1 
Bw(% (1924) 
Tilnstall ( 1930 ), 
Peelen ( 1!)») 

Rein king (1935) 

Rou.ky & If A HNS 

(1932) 

PfX’CE (1924) 

Walker & Smyde* 
( 1934) ■ 
yoiiNc; (1928), 
ZAWiOMETOFF (1929) 
Mc¥>iiE (1923 ) 
Garrett ( 1936) , 
SouESAC (1922 )' 
Pa,pe ( 1931) 

Wild ( 1929) 

Gassner ( 1925) , 


The root-infecting fungi, and indeed fungi in general, are strong 
aerobes, and their activity must therefore be favoured by soils of light 
texture, insofar as these are characterised liy a gfxxl iiauiral diffusion 
of the soil gases. Potato scab and take-all of cereals ajipear to be 
diseases particularly affected by soil aeration. Garrett (1936) 
demonstrated a close correlation between those soil conditions favour- 
ing the occurrence of take-all in the field and those favouring most 
rapid growth of Ophiobolm graminis along the roots of the wheat 
plant, light texture, loose condition and alkaline reaction; the 
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paramount importance of soil aeration was subsequently . proved, by 
direct experiment (Garrett, 1937). , Reinking (1935) was, able- to 
correlate numbers of Fusarium oxysporum cubense in the. soil with, 
incidence of Panama disease of bananas on soils of different type .in 
Central America; numbers of the organism and severity of the disease 
both increased -with increasing percentage of sand and decreasing per- 
centage of clay in the soil. Reinking comments upon his results as 
follows: ''Apparently in heavily infected soil root infections are so 
numerous that the plant is unable to ward off attack, as has been 
sliowm to be possible by Wardlaw (1930), and severe disease is pro- 
duced. When the organism is not present in the soil in large numbers 
the infections are less, and undoubtedly the plant is capable of ward- 
ing off attack to a certain degree resulting in less severe disease. The 
effect of the different soil types upon the possible production or non- 
production of resistance within the plant to attack by the parasite 
apparently is not of such great importance.’' Reinking did not 
discover any connection between pH value of the soil and prevalence 
of the disease; Wardlaw (1941), on the other hand, recently voiced 
the following general conclusions concerning the distribution of 
Panama disease with soil type : "Spread by contact takes place more 
rapidly in some soils than in others ; the more open the texture, and 
the more acid the soil, the more rapid is the spread of disease. Alter- 
natively, clay soils and slightly alkaline soils appear to possess more 
'resistance’ to the disease, . . . Recent years have also showm that clay 
soils, for many years considered 'resistant’, have eventually shown an 
even more rapid spread — a phenomenon for which no adequate ex- 
planation has so far been forthcoming. . . . The collective experience, 
practical and scientific, in Central America is that hydrogen ion con- 
centration is the master factor determining the severity of Panama 
disease, followed by texture.” 

It is dangerous to conclude too readily that because the activity 
of a root-infecting fungus is favoured by good soil aeration, the dis- 
ease that it causes will be more severe on light-textured soils, or, vice 
versa, that greater prevalence of the disease on such soils is to be 
attributed to enhanced activity of the parasite. It is necessary to re- 
member that light-textured soils are usually naturally poor in plant 
nutrients and often acid in reaction, w^hereas heavy-textured soils tend 
to be better supplied with plant nutrients, and are more often neutral 
or alkaline in reaction. This point is brought out by consideration of 
the distribution of cotton root rot on different types of soil in Texas 
and Arizona. The mode of spread of P/iymatofnc/ni??! omnivorum 
closely resembles that of OpMobolus grmninis. Yet whereas take- all 
is favoured by soils of light texture, and by any other condition mak- 
ing for improved soil aeration, cotton root rot, according to Fraps 
(1936), is more prevalent in Texas on heavy-textured alkaline soils 
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than on light-textnred soils of neutral or acid rcactic^ti. The asso- 
ciation of this disease, liomwer, may' not be witli heavy texture, but 
rather with the alkaline reaction of these soils (Taubexiiaus ei aL, 

1937) , or with their high %%mtcr-hol,diiig capacity (Ezekiel, 1938). 
The importance of the last-riamM factor is siiggestcd liy Streets 
( 1937), in coinnieiitiiig UfMM the clistribution of cotton root rot in 
Arizona: ‘‘In Arizona root rot is noticeably more prevalent in the 
finer textured soils along ' streams and river boltfims and in alkivial 
valleys than on the cmrser soils of the mesas* Under irrigation, 
however, it thrives in the coarser soils when their moisture content 
is maintained by frequent applications of water. In fact, the superior 
aeration in the mesa soils -favours the growth of the organism.” 

Two other instances in mdiich association tetween fa-evalence of a 
disease and light soil texturecamiot be attributed to effect of soil aeration 
upon the parasite are found in Table 4. Cotton mdk, due to Fusarimn 
msinfeeium, is greatly aggra^^ated by polasli deficiency (Young, 

1938) , which is notoriously more common on light than on heavy soils. 
Inteniai, root rot of tea, formerly attribulccl to Boiryodiplodia theo- 
bromae, wvis shown by Gaud (1.S128, 19296) in Ceylon to be associated 
with lack of starch reserves in the root, due to excessive pliicking and 
pruning; he further demonstrated that this conciition actually pre- 
ceded infection by S. ihmbrofimi, 

These instances show, therefore, the need for caution in interpret- 
ing field observations on the Es-s«iaticin between soil texture, or any 
other soil character, and prevalence of a soil-kirne disease, 

Eettotion: ~ Diseases favoured by add soils are given in Table 5 
and others favoured by alkaline soils in Table 6 (Gareett, 193&). 

Here, again, the need for caution in interpreting such observations 
is apimrent ; field observations may be misleading owing to the com- 
mon association between soil acidity, lightness of texture, and poverty 
in plant nutrients. Conclusions are more trustworthy for diseases 
of great economic importance ; field observations on such diseases have 
usually been supplemented by experiments. Such experiments are 
more easily performed with diseases of annual or field crops than with 
diseases of plantation crops; for this reason, evidence available for 
correlating incidence of disease with soil conditions is liotli more 
abundant and more reliable for field crops than for plantation crops. 

Prominent amongst the dismses favoured by acid soils are the 
vascular wilts caused by various species of Fusarimh to which, accord- 
ing to Waicolaw (1941), may be add«I banana wilt, better known as 
Panama disease. The better development of tomato mdlt in acid soils, 
experimentally d'emonstrated by Sherwood (1923) and Scott 
(1926), has been confirmed by Phillips (1940) and Harrison 
(1940). It is perhaps r^imrkable that so few experiments seem to 
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Table 5, 

Diseases favoured by acid soils: — 

Fungus 

Disease 

Authorities 

ArmiUaria meUea 

Mushroom root rot 

Garb (1928), 

Reitsma (1932) 

Boiryodiplodia tkeohromae 

Internal root rot of tea 

Tunstall (1929) 

Fames mmosus 

Red rot of pines 

Anderson (1921), 
Falck (1930) 

Fusarium congiutinans 
var. calUsiephi and 

Wilt of china asters 

Wager (1932), 
VOGLINO (1932) 

var, mapts 

Fusarium oxysporum 

Tobacco wilt 

Johnson (1921) 

var. nicoiiunae 

F. lycopersici 

Tomato wilt 

Sherwood (1923), 
Scott (1926) 

F. vasinfectum 

Cotton wilt 

Taubenhaus ef al 
(1928) 

Plasmodiophora hrassicm 

Clubroot of crucifers 

Wellman (1930) 

Spongospora subterranea 

Powdery scab of potatoes 

Janchen (1921), 
Blattn't (1935) 

Synchytriuwi endobio ikum 

Potato wart 

N^mec (1935) 

Ustilago hordei 

Covered smut of barley 

Paris (1924) 

Ustuiim sonata 

Charcoal root rot 

Tunstall (1922) 

Apkmomyces ievis 1 

Phoma betae > 

Root rot of sugar-beet 

Arrhenius (1924) 

Pythium debaryamm J 

Table 6. Diseases favoured by alkaline soils: — 

Fungus 

Disease 

Authorities 

Acfimmyces poolensis 

Pox of sweet potatoes 

Poole (192S&) 

A. scabies 

Potato scab 

Millard (1923) 

Caloneeiria graminicola 

Snow mould of cereals 

SCHAFFNIT & MeYER- 

Heemann (1930) 

Fusarium orthoceras 

Pea wilt 

Starr (1932) 

var. pisi 

Monilochaetes infuse ans 

Scurf of sweet potatoes 

Poole (1925b) 

OpMoholus graminis 

Take-all of wheat 

Garrett (1936) 

Phymato trie hum omnivarum 

r Cotton root rot 

Taubenhaus et al 
(1928), 

Ezekiel al. (1930) 

Tkielavia basicola 

Black root rot of tobacco 

Morgan & Anderson: 
(1927), 

Doran (1931) 

Urocysiis triiki 

Flag smut of wheat 

Forster & Vasey . 
(1929) 

VertkiUium alho-^ainm 

Tomato, etc., wilt 

Haenseler (1928), 
Martin (1931) 


have been undertaken to analyse the action of so clear-cut a factor as 
soil reaction upon the incidence of disease. The preference of club- 
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root of crucifers for acid aiid of potato sc*ali« takt-al! of ccmils, 
root rot of cotton and black /root rot of tobacco for alkalitio soils is 
widely known, and has Imltii rej:)catedly .continued by exiHiiiiieii!. 

TIk* greater prevalence of the take-all disease on alkaline soils was 
crnTelated liy (Umkeit (1936) with a more rapid groulh of Ophio- 
bolus gramiuis along the roots in such mnh ; he swggestrd ihril^nUe of 
grcnvth of the fungus along the roots iiy soiLs^of heavy texture and in 
acid sr>ils was checked by the accuiniilatioii rcHj)inittiry carbon 
dioxide, and that alkaline soils increas<*d fiinga! growth rate by acting 
as acceptors of carbon dioxide.*) ' By forced aer«aiioii, CIamrett (1937) 
seciire(! as rapid a growth of this fungus along the nxits in acid (/?H 
5.2) as ill alkaline {/^li 8.0) soils. lividcnce iii support of (lAREim'ks 
hypothesis lia.s been published by. Blair (1943), working with Rhhoc- 
leiiid solani, the mycelium of which grows freely thremgh the soil 
Blair fotiiid that whereas the growth of this fiingiis along Rossi- 
Cholodny slides was normally most rapid in soils of neutral reaction, 
yet when 1^^ of ground whe^it straw or dried grass had been added 
to the .soil growth was most rapid at a reaction of pH 8. In this in- 
stance, the respinitc»ry carbon dioxide w’as provided not by the root 
and Its rhizosphere, but 1>y the micro-organisms decomposing the fresh 
organic material. In another experiment, Blair w»as able to eliminate 
the depressing effect of grouiKl wheat straw upon growth of /?. solmii 
throngfi the soi! by keeping the soil coniainer, opim at top and liottoin, 
ill a closed vessel containing dishes filled with satiiniiecl solutions of 
strong alkali, w^hich must rapidly have absoriicd t!ie carljoii dioxide 
given off by the respiring micro-organisms d«omposing t!ie w^heat 
stra.w. 

An interesting sequel has followed the report of Foester and 
Vasey (1929) that flag smut of. wheat was encouraged by application 
of lime in field plot experinients in Victoria. Millikan (1939) was 
able to show in sand culture experiments that a deficiency of cakiiim 
markedly reduced the development of the disease ; if the degree of de- 
ficiency was sufficiently great, the disease was completely inhibited. 
On the other hand, the addition of excess calcium to the nutrient 
solution significantly increased the incidence of infection. From the 
results of chemical analyses ,m.ad€ on the plants at the end of their 
giT>wtli period, Millikan postulated an optimum concentration of 
calcium in the plant for the development of this disease. These pot 
experiments, which were carried out in three consecutive years, were 
supfdemented by field expertme.rits at 4 diffeiTiit centres in Victoria 
during 1933-38. A variety of manurial and mineral treatments %vere 
tested in these experiments; wide variation in the mineral composi- 
tion of the plants was' induced by the treatments, as revealed by 
chemical analyses carried out 6 and 9 weeks after germination (con- 
sidered by Millikan to be, fire critical period for the development of 
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j3ag smut, in view of the fact that sori consistently appeared in these 
field experiments at some 11 weeks after germination of the wheat). 
As in the pot culture experiments, the only correlation between inci- 
dence of disease and mineral composition that could' be established 
was that with lime content of the tissues. Millikan again concluded 
that the evidence indicated an optimum content of calcium in the 
plant for the establishment of infection, and that any treatment which 
shifted the calcium content of the plant further away from this optimal 
value would result in a decrease of the disease. This optimum con- 
centration of calcium was not the same in all the experiments, but 
appeared to change with variation in other soil factors. In none of 
Millikan''s field experiments did he repeat the results of Forstei^ 
and Vasey (1929) by securing increased development of flag smut 
after liming; a simple explanation of this apparent anomaly, however, 
is suggested. The value of the soil in the untreated plots at 
Werribee, where Forster and Vasey made their observations, was 
5,5 ; frequent applications of lime had changed the jbH value to a maxi- 
mum of 8.3 on those plots showing the highest percentage of flag 
smut. The majority of Milli Kane's experiments, on the other hand, 
were carried out at Rutherglen, with soil reaction of pH 7.7, and at 
Walpeup, with soil reaction of pH 8.6. Millikan remarks: ‘^The 
most severe flag smut damage occurs in the Mallee district of Victoria, 
in which Walpeup is situated, where the soil contains a high percent- 
age of limestone.’’ 

It is worth noting at this point an experiment carried out by Ling 
(1941) on the development of stripe smut (Urocystis occulta) in rye 
plants grown in nutrient sand cultures. Ling employed a three-salt 
nutrient solution comprising potassium di-hydrogen phosphate, cal- 
cium nitrate, and magnesium sulphate; the incidence of infection was 
lowest in the series receiving maximum potassium phosphate, and 
highest in that receiving equimolecular proportions of calcium nitrate 
and magnesium sulphate, but minimum phosphate. 

The two diseases of wheat cited above, take-all and flag smut, 
which may both be encouraged by liming the soil, afford an interesting 
contrast ; in the take-all disease, with activity of the fungus partly 
external to the host, soil reaction seems directly to affect the parasite, 
whereas in the flag smut disease, with development of the fungus, 
almost wholly internal, soil reaction seems to operate upon the fungus 
through the physiology of its host plant. ■ 
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INFLUENCE OF SOIL- ORGANIC CONlltNT AND 
CONCENTRATION- OF PLANT NUTRIENTS 
■ UPON PARASITIC ACTIVITY 

Organic Contents — Diseases reported to be encouraged by the 
application of organic material to t!ie sot! are given in Table 7, taken 
from Gakmett (1938a). 


Tabix 7. Diseases fmmured by application of ortimk maitir : — ■ 


Fuxgus 

Disease 

Authoiities 

Tilktia triiki \ 

1 \ kvis 1 

Bunt of wheat 

Rabien (1927) 

Urocystis iriftet 

. Fla.g smut of wheat 

FoiS'fER & Vasev 



11929) 

Ustiiago mae 

Coro smut 

Borzini (1935) 

Vertkiilium alba-atmm 

Tomato wilt 

Bfwley (1922), 
BRrni..aiANK (1924) 

Rmeilmia arcmia 

Eoc?t rot of tea 

Tun STALL (1922), 
Pktch (im) 

R bumdes 

Root rot of ttz 

1\J»STALI. (1922), 
Fetch (1923) 


The sptxries of Rasellinm are well known saprophytes on leaf 
mould and other organic -detritus lying in and on the soil ; such organic 
material provides these -fuiif i with a substrate not only for subsistence 
but also for spread, and at the same time with a fcKKi-basc from which 
their attack on such plants- as they may chance to encouiiler can most 
expeditiously develop. Nevertheless, the parasitism of these fungi is 
not confined to this ty|« of environment; Waterston (1941) has 
described comparatively, their parasitic activity in the two contrasting 
situations in which they cause patches of disease in tropical plantation 
crops, stating : '‘The areas affected witli Rosellinm vary between two 
environmental extremes. ' The first consists of regions of unrestricted 
spr^d, where conditions^ of high rainfall and lack of sunshine due to 
intense shade encourage humus formation. Under these conditions, 
the fungus attack is in the nature of an advancing sheet. The fungus 
in this phase may not only derive its food sapropli}1:ically from decay- 
ing leaf mould but appears to behave as a dangerous though incidental 
imrasite to the stems and roots of trees and shrubs encountered during 
the course of its advance. These conditions exist in some of the 
wetter areas as in Dominica where root diseases caused by Rosdlima 
spp. may act as limiting factors to lime production. In cases like 
these, the conditions which best suit the host plant, best suit the fungus 
also, with the result recorded by Fawcett (1915)» Nowell (1916) 
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and SxELL (1929) that the finest trees are most liable to attack and 
are most frequently killed. 

*'The second region which may be recognised is one of slow and 
restricted spread, found where rainfall is lighter, with little accumu- 
lation of humus or surface litter and where shade trees may be absent 
(South, 1913, Stocedale, 1908, and Briton- Jones, 1934). Under 
these conditions, the spread of the fungus is confined to root contacts 
or from fragments of wood or root stumps of susceptible hosts which 
have been aptly described by Gadd (1936) as ‘food-bases’.” 

The higher incidence of infection by some cereal smuts in soils well 
supplied with organc matter seems to be due to a direct effect of the or- 
ganic material on spore germination. Thus Rabien (1927) found that 
spore germination of the Tilletia spp. and incidence of bunt in wheat 
were both favoured by a high humus content of the soil. Nobee 
( 1924) reported that spore germination in Urocystis tritici was stimu- 
lated by the roots of non-susceptible plants (peas, beans, and rye), 
and by traces of certain volatile substances, such as benzaldehyde, 
salicylaldehyde, butyric acid, and acetone. Plate et aL (1927) 
found that crushed plant tissue encouraged the germination of spores 
of UstUago ^eae in closed chambers, and that this stimulating effect 
was due to the carbon dioxide given off ; an atmospheric concentration 
of 15% carbon dioxide was found optimum for spore germination. 

The action of organic matter in encouraging the parasitic activity 
of V erticillium albo-atrum seems likely to be an indirect one, operating 
through the physiology of the host plant ; Roberts, X1943^ has founds 
that the percentage of e stablished infections in tQmatoJflj^mses,w 
tKe“i5iounf6T1uE^ supplied to theplantl^^ 

Soii-borne diseases observed to be checked by application of fresh 
organic material to the soil are listed in Table 8 (Garrett, 1938a). 


Table 8. Diseases controlled by application of organic matter: — 


Fungus 

Disease 

Authorities 

Actinomyces scabies . 

Potato scab 

Sanforb (1926) , 
Millard & Taylor 


Flax wilt 

(1927) 

Fusarinm Imi' . 


Bolley & Manns 



(1932) 

F* vasinfectum^ 

Pigeon-pea wilt 

McRae & Shaw 



(1933) 

OpMobolus graminis 

Take-all of wheat 

Fellows (1929) ^ 

Phymatotrichum omnimrum Cotton rcK>t rot- 

King et al (1934flt) 



Much attention has been paid of recent years to the possibilities of 
“biological control” of soil-borne diseases by application of fresh or- 
ganic material to the soil. It is assumed that increased activity of the 

■ . , ■ ■ ■ 'ffi ■ 
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saprophytes clevelopifig on the fresh organic material niiist occur at 
the expense of, and to the delrimeet of, the plant parasites, llie as- 
siiiiilation, respiration and cxcretsoii of the saprcipliytes imist compete 
witli those of the parasites; metabolic products which are toxic to 
other inicro-ori^iiiisins may prodnced by some saj>ropli} it\s, aiicl, in 
addition, the devclopinent. of -a high popiilation of niicrci-orgariisins 
may encourage the parasitism of certain niicro-organisins u{>oii otiiers. 
Historical reviews of the 'subject of microbiolc»gical aritagoiiisin and 
biological control have been published by Fawceit (1931 (Barrett 
(1934ft, 1939), Waksman ( 1937 , 1941 ), Porter and Carter (1938), 
Weikdling (1938), and Garrard and Lociuiead (1938); discus- 
sion here will be confined to the three most important of the diseases 
listed in Table 8. 

Control of potato scab by green mamiring with grass cuttings was 
first reported by Mjllaed ( 1 . 921 ). Sanford (ISG6) suggested that 
such control was brought atout through the anlagonisni to A, scabies 
of saprophytic sfccies of bacteria developing on the decomposing 
green manure (rye grass). Further experiments by Millard and 
Taylor (1927) showed that the developsnerit of scab on potatoes 
growm in sterilised soil inoculated with A. scabies ccmkl be rt^cliiced by 
siniiiltaneoits incculatioo of the soil with A. pmeeax, an obligate sapro- 
phyte of more vigorous vegetati.ve growth than A, scabies. By in- 
creasing the proportion o( A. prmxox to A, scabies in the inociiliiiti, 
the degree of scabbing on the test potatoes was reduced from 100% 
to nil The sterilised soil evidently provickcl sufficient food material 
for a good development of A. prmeax^ and only a rather small in- 
ermse of control was given by t.lie admixture of grass cuttings, steril- 
ised along with the soil. Millard and Tayu)! concluded that, 
whilst their tests were concernal only with the biological control of 
A, scabies by A. praecos, soil tecteria might exercise a similar con- 
trolling effect, as suggested by Sanford. Experiments by Goss 
( 1937 ) comdncingly demonstrated the controlling effect of the general 
soil microflora upon the development of scab, though' he 'failed to 
secure any result with an inoculation of A. praecox alone. 

Field control of the take-all disease of wheat in Kansas by the 
application of such organic materials as chicken and horse manure, 
green alfalfa, boiled cats and barley kernels, and potato flour was 
very briefly reported by Felwws (1929). Garrett (1936, 1937, 
1938ft, 1940) has attempted to analyse this controlling effect of organic 
materials upon the take-al! disease; as a result of his study of the 
spread of Ophwbolus graminis along wheat roots under different soil 
conditions, he suggested that addition of organic material to the soil 
would depress the parasitic activity of O. graminis insofar as it in- 
creased the concentration of -wbon dioxide in the micro-atmosphere 
around the roots. He obtained striking reductions in the survival 
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period of 0. grrnmnis in infected wheat straw by incorporating fresh 
organic material, low in nitrogen content, with the soil (see Chapter 
7). Working on the same disease, Stumbo et al (1942) and.CnARK 
(1942) have recently emphasised the beneficial manurial effect of such 
organic supplements in increasing the resistance to attack- of the wheat 
plant. 

The efficacy of organic manure for the control of root rot in irri- 
gated cotton under continuous cultivation in Arizona has been estab- 
lished by King et d, (1934a). These authors supported their hypoth- 
esis of microbiological antagonism as the mechanism of control by 
an extensive study of the soil microflora in the treated and control plots 
by the Rossi-Cholodny slide technique (Eaton and King, 1934), and 
by soil respiration determinations. They were able to demonstrate in 
this way that whereas the development of saprophytic organisms was 
most profuse in the slides buried in the manured plots, the mycelium 
of Phymatotrichum omnivorum was most abundant on the slides in 
the unmanured plots. 

Further light has been thrown upon this controlling effect of 
organic amendments by the laboratory experiments of Mitchell et d, 
(1941). Quart jars of clay soil, untreated and with additions of 1% 
superphosphate, 3% farmyard manure, and 3% chopped sorghum, 
respectively, were incubated at ''optimum’’ moisture content for periods 
of 0, 5, 10, IS, 20 and 30 days, and then inoculated with agar blocks 
taken from a culture of P. omnivorum, or with infected roots. My- 
celium of P. omnivorum quickly developed over the soil surfaces in 
jars filled with untreated soil or with soil + superphosphate ; the my- 
celium showed little apparent disintegration during the 16-day obser- 
vation period. In the soils receiving fresh organic material, however, 
mycelial growth either failed to occur, or else was followed by dis- 
integration. In the soil + sorghum, growth oi P. omnivorum was 
inhibited for the full 30 days after addition of the organic material to 
the soil; in the soil -k farmyard manure, growth of P. omnivorum 
from the inoculum block occurred in those series that had been in- 
cubated for 20 days or more following the original addition of the 
organic material. Ability of P. omnivorum to grow out from the in- 
oculum seemed to be inversely correlated with bacterial numbers in 
the different soil series; As a further indication of the susceptibility 
of P. omnivorum to the competition of other micro-organisms, 
Mitchell et aL reported that the fungus failed to grow upon non- 
sterile cotton roots in culture flasks, even when the roots were quite 
fresh ; growth was also inhibited if sterile cotton roots were inoculated 
with a pinch of field soil. The addition of 3% organic material to the 
soil also resulted in the rapid disappearance of a high proportion of 
P. omnivorum sclerotia; Mitchell al demonstrated that whilst 
this effect was due in part to attack and decomposition of the sclerotia 
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by other soil niicto-orpnisms, it was chiefly brought alioiit by spcm- 
taiieoiis geriiiifiation of the scierotia^ under the stimiiliis uf the organic 
ameiiclinents {see below,, p. 79).., In, further experiments along the 
same lines reported by CtAiE -(1942), the antibiotic effect of the or- 
ganic materials upon the- ■viability of the sclerofia was more iiiiportaiit 
than the direct stimulus., given hj such materials to sclerotial germi- 
iiatioB. 

According to Rea- (1.939), experiments on the use of organic 
manures for the control of cotton root rot under dry-iand farming . 
conditions in the Blacklatid region of Texas have not so far given 
encouraging results; the success of King and his collaborators in 
Arizona may be attributed in part to the fact that their experinients 
rvere carried out on irrigated cotton, and in part to the special methods 
of manure placement and timing that King (1937) has r«:oiTiiiieiided ■ 
{seehdow,p.97). 

Concentration of Plant Nutrients: — Generous a ppIicaticMi of 
artifici al fertilisers is unclQubtedly an effect rvFlriy of reducing, 
proportion oFcrop Tcit3hEOU^ll^ ageriey*^or3yrla^ cHseases^ 
According to (5AikKTf''(1942), the proportioiiTfoss occisioiied by the 
take-all disease of wheat is greatly aggravated by poverty of the soil 
in one or more of the three major plant nutrients. The common asso- 
ciation between serious outbreaks of this disease and phosphate de- 
ficiency of the soil is well known from accounts by investigators in 
Australia, vrhere the soils are apt to be very deficient in this nutrient. 
A generous supply of plant nutrients probably increases plant resist- 
ance chiefly by promoting a mote rapid production of new crown roots 
to replace those destroyed by the disease, though an additional direct 
effect upon the resistance to infection of individual crown roots cannot 
be precluded (Garrett, 1941). 

Since the appearance of this review by Garrett, Stumbo et al, 
(1942) have demonstrated that development of the take-all disease 
in potted wheat plants grown in^a naturally infected Kansas soil might 
be frustrated by adequate applications of nitrogenous and phosphatic 
artificial fertilisers. They attributed the control of take-all obtained' 
by FsLtows (1929) with certain organic materials largely to the plant 
nutrients, especmlty nitrates, set free in the soil by decomposition of 
these materials; such control was experimentally demonstrated by 
Clark (1942),' whose results revealed a correlation between nitrate 
nitrogen set free in the sdl through decwiposition of the organic 
material, and the degree of disuse control obtained. Especially strik- 
ing was Clark‘'$ damonstratioa of the effect of volume of soil per 
plant upon resistance of wheat to t^e-all ; plants grown in 1 kg. of an 
infected Kansas soil suffered' ^vetely from the disuse, whereas 
others grown in 9 kg, of- the- mem soil escaped serious injury. A 
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paradoxical situation, which serves further to emphasise the para- 
mount effect; of plant nutrients upon the development of take-all in 
potted plants, has been reported from Australia by Angell (1943)> 
A second crop of wheat grown in drums of soil inoculated with 
0. graminis in the previous season was perfectly healthy, ' whereas that 
grown ill the iion-inoculated drums (which served as controls in the 
previous season) was badly affected by take-alL This reversal of 
results in the second season was attributed on the one hand to de- 
pletion of nutrients under the heavy crop grown in the non-inoculated 
drums in the first season, and, on the other, to their conservation under 
the diseased crop grown in the inoculated drums. 

Conservation of plant nutrients under patches of severely diseased 
plants in an annual field crop may be partly responsible for the failure 
of a disease to reappear in severe form on the same areas in the fol- 
lowing season^s crop. This phenomenon of disappearance of a disease 
from old areas and appearance in new ones under continuous cropping 
is well established, and has been described in connection with root rot 
of cotton by Taubenhaus and Killough (1923), McNamara et al 
(1931) and by many others, and in connection with take-all of cereals 
by Glynne (1935) and by Fellows and Figke (1939). Discussing 
this problem, Garrett (1938a) favoured the explanation put forward 
by Taubenhaus and Killough, that the chances of survival of a 
root-infecting fungus from one season to the next were reduced by the 
early death of infected host plants ; a disease was therefore less likely 
to reappear on sites occupied by severely infected and early killed 
plants in the previous season than on sites occupied by apparently 
healthy plants infected relatively late in the season. Such a reduction 
of over-wintering inoculum under sites of severe disease patches must 
be held partly responsible for failure of the patches to reappear on the 
same sites in the following season's crop; at the same time, conserva- 
tion of plant nutrients under the scanty crop in such patches must tend 
to increase plant resistance to the take-all disease, and also, under 
some circumstances {see next paragraph) , to cotton root rot. 

Nitrogenous fertilisers were found by Jordan et^aL 
(1939) to reduce losses due t o root rot {Phymatotrichum omnivorumj 
in almosl^c^’tiiiiiQiis'^c^or^jeguences in^Texas. whereas phosphatic 
fertilisers increased mortality. These opposfiig eftects of nitrogen and 
phosphate upon incidence of root rot were most pronounced on the 
Wilson very fine sandy loam soil, and were less striking on the heavier 
soils of the Wilson series ; they were smallest and least consistent on 
the Houston days. From their analyses of root bark of plants taken 
from the same field experiments, Adams et al (1939) obtained a 
highly significant negative correlation between nitrogen content and 
root rot mortality, and a highly significant positive correlation between 
phosphoric acid content and mortality. An inverse correlation, also 
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highly significant, was found tetween plifisphoric acid and nitrogen 
contents of root bark samples,' These results lia^e been cciiiliriiied by 
Blank (1941),, -who found nitrc^ctious fertilisers to reduce root rot 
mortality; phosphatic fertilisers ' had no significant c?ffe€i upon inci- 
detice of root rot on. Houston clay M)ils of W^ashiriglmi Omiity 
(Texas), but on the less calcareous soils of itiirlesoii tjumiy they 
sigiiificaiiily increased Iwth incid.eiice of disease and cro}) yielcL 
Reduction in losses from j:M*a root rot, due to Aphammiyces etiiei- 
ehes, folloming application of nitrogenous fertilisers, has been re- 
ported by Haenseler (1931) and by Walker and Musbach (1939) 
from the U, S, A,, and by Geach ( 1936) from Australia. This effect 
of nitrogenous fertilisers was attributed by Geach to direct action 
upon A* eutekhes^ which he found to lie especially sensitive to the 
nitrogen content of the medium when growing on agar plates. Thus 
on conimeal agar with 2% peptone, formalioii of oogonia and aethe- 
ridia by the fungus was siippres-sed, and the mycelium alone was no 
longer culturabk after 33 days at laboratory teni|)eralurc. On corn- 
meal agar without peptone, however, oos}xires were formed, and these 
remained viable during, the whole test |>eriod (Q) days). Neverthe- 
less, further evidence seemed to be .needed to bridge the rather wide 
gap between the observed behaviour of /I. mtekkes in pure culture 
on the agar plate, and the reaction of the disease to the application of 
nitrogenous fertilisers to the soil. A more likely explanation has 
been suggested by Smith and Walker (1941), as a result of their 
experiments on the eff«:t of nutrients upon development of the disease 
ill continuous- flow nutrient sand culture; the incidence of disease, 
which was severe at the concentration of the basal solution, de- 
creased as the nutrient concentration increased, so that only a low per- 
centage infection occurred at the 3 X concentration, and none at the 
4 X concentration of the basal solution. The amount of disease varied 
inversely as the total salt concentration of the solution, irrespective of 
its composition ; contrary to results of fertiliser trials in the field, the 
nitrogen-containing salts were no more effective in disease control 
than were those containing potash and phosphate. Smith and 
Walker therefore suggested that the greater effectiveness of nitro- 
genous compounds in disease control in field trials was due to the 
fact* established by White and Ross (1939), that they increased the 
salt concentration of the soil solution much more than did correspond- 
ing quantities of the potassium and phosphorus salts used in com- 
mercial fertilisers. These results of Smith and Walker suggest, 
therefore, that no dir^ly toxic effect of nitrogenous compounds, as 
"■‘such, upon A* mieichm is mvolved, as believed by Geach. S'M'ith 
and Walker further demonstrated that, once infection had occurred, 
its development could not be inhibited by changing the concentration 
of the basal nutrient solution from a low to a high level. In experi- 
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meiits oil agar, A» euteiches wb.s found to show little reduction in 
linear growth rate e¥en at 5 X concentration of the basal solution, but 
growth of the mycelium, on a,gar can scarcely be considered,' a satis- 
factory criterion of the behaviour of the zoospores in a solution with- 
out agar. Smith and Walker have also incidentally pointed out that 
Geach's observations on the poor growth of A, euteiches on pea- 
decoction agar m^ith the addition of various nitrogenous compounds 
are most simply explained by reference to the high concentrations 
which he employed. Since the publication of these experiments by 
Smith and Walker, Schroeder and Walker (1942) reported that 
the development of pea wilt due to Fusarium oxysporum f. pisi race 1 
in nutrient sand culture was similarly checked by increase in concen- 
tration of the nutrient solution, when peas were grown at the favour- 
able temperature of 21 ®C. On the other hand, at a temperature of 
27°C.^ which is unfavourable to normal development of peas, disease 
development was greatest at the highest concentration of the nutrient 
solution. 

Another disease that can be much reduced by application of nitro- 
gen is root rot of sugar-beet due to Sclerotimn rolfsiL In field experi- 
ments carried out in California, Leach and Davey (1942) f ound that;^. 
on an average of all trials, 50 lbs. of nitrogen pS acre reduced infec- 
tion by some 2S%, 100 lbs. by 54%, and 200 lbs. by 65%. Am- 
monium sulphate, anhydrous ammonia, calcium nitrate and cyanamide 
proved equally efifective at equivalent nitrogen levels. Leach and 
Davey found no evidence for a directly toxic effect of the nitrogenous 
compounds upon the parasite, since calcium nitrate gave as effective a 
control as did equivalent-nitrogen amounts of anhydrous ammonia; 
the former was non-toxic to the mycelium and sclerotia of 5*. rolfsii 
The effect of nitrogenous fertilisers in reducing the disease was nearly 
as pronounced in fields of high fertility as in fields of low fertility, 
wdiich suggested that increased resistance of the sugar-beet was asso- 
ciated with a luxury consumption of nitrogen rather than with the 
correction of a deficiency, in the usual sense of this term. 

Deficiency of nitrogen, on the other hand, has been claimed by 
Clayton (1923) and Fisher (1935) to inhibit infection of tomato 
by the vascular wilt fungus, Fusarium hulUgenum ynx, Jycopersici 
Cook (1937), however, concluded from his experiments that nitrogen 
deficiency did not inhibit infection by the fungus, but did check its de- 
velopment in the plant. The position has been further clarified by 
Roberts (1943), working with another vascular parasite of tomato, 
Vertkillium albo-atrum. Roberts found that the number of infected 
plants increased with the amount of nitrogen supplied to the soil ; in 
some experiments, infection m some of the nitrogen-deficient plants 
was confined to the root system or even to a single root, suggesting 
that nitrogen deficiency may act as much, or more, by hindering or in- 
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Ilibitii'ig development cif the fnngtis in the msctilir tissues as by pre- 
venting initial infection of the root from the soil. .It is pertinent to 
note here that a bacterial vascular fMrasite, Phyiomofms slewarii, %?as 
found by Spencke and McNew (1938) to cause most severe wilting 
ill in:ii?:e plants that had receivoi excess nitnigcfi ; iiiifier crinditions of 
nitrogen deficiency, little or no wilting occiirrecl 

The (laiiiping-off of pine 'idlings was found by Hartley ( 1921 ) 
to increase directly with the. nitrogen content of the soil Wright 
(1941) has correlated damping-off (due chiefly to Rhkacionia solani 
and Pythium uliimum) amongst seedlings of ciecicluoiis trees with 
nitrate nitrogen content of the soil; he rc^ported that the stand of 
seedlings was increased almost three-fold by the application of 
dextrose to the soil, whereby the nitrate nitrogen content w^as tem- 
porarily reduced. 

Phosphate , — Brownitig root rot of cereals due to Pyihimn arrheno- 
manes and other Pyihium spp. in Canada was reported by Vanter- 
TWh (1930-40) to be associated with a low phosphate and high nitrate 
status of the soil ; Vanteipool has stressed the analogy between be- 
haviour of this disease and that of sugar-cane root rot, studied by 
Carpenter (1934), which is also caused, apparently, by Pyihmm 
arrhemmmtes (Drexhslee, 1936).. The cereal disease can l>e con- 
trolled by application of a soluble phosphate, which does not seem to 
reduce the proportion of roots infected by the fungus, but, by greatly 
increasing the total number of. roots prcxluced, increases the niimlier of 
functional roots. The dise.ase was statai by Vanieepool to be worse 
ill crops after fallow than in those sown on stubble land, in contrast to 
experience with other cerml'^root rots. This was attributed by 
Vamteepckil to increase in the available nitrogen content of the soil 
after fallowing, as a result of nitrification. A possibly analogous case 
has been reported by Geandfielp ei d, (1935), who found in Kansas 
that stands of alfalfa idlings were progressively decreased through 
damping-off by Pythium spp. with increase in the preceding period 
of fallow from two to five years. Thus only 33% of the original 
stand of alfalfa seedlings survived till the following spring on the five 
years fallow plot, as compared with a survival of 70% on a plot tinder 
rotation of sorghum, corn, wheat, oats and alfalfa. 

Wilt disease (due to Fusarium vasiniecimn) of pigeon pea, on the 
other hand, was reported by McRae and Shaw (1933) to be aggra- 
vated by applications of superphosphate on the nmnurial plots at Piisa, 
although the crop gave a positive response in yield to this fertiliser 
(cf, the results of Joeoam it al (1939) and Blank (1941) with 
Phymatotrkhum ommimmm, discus»l above). 

Potash , — ^The effect of potash in reducing incidence of cotton wilt, 
due to Fusarium msinfecium, has been studied by Young (1938), in 
a nine yeats^ series of field experiments carried out at 15 different 
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centres in Arkansas. Field observations at an earlier date had indi- 
cated a correlation between incidence of '*rusF’, correctly' attributed 
by Atkinson (1892) to potash hunger, and that of the Fusarium wilt. 
Young found that fertilisers containing potash gave control of rust 
and at the same time reduced wilt in every year and at every location, , 
except two. Increasing applications of potash gave, up to a point, in- 
creased control of the wilt. Whilst nitrate alone had little or no 
effect on the incidence of wilt, the application of acid phosphate and 
nitrate together appeared to aggravate both rust and wilt ; where acid 
phosphate was used alone, the effect was still more pronounced. 
Young's results have been confirmed in Alabama by Dick and Tis- 
dale (1938) in a factorial experiment involving all possible com- 
binations of N, P and K at three different levels; joint applications 
of nitrogen and potash were f ound to reduce incidence of wilt, whereas 
phosphate increased it, and substantially reduced the beneficial effect 
of applying potash. Smith ( 1940 ), announcing the results of two 
seasons' cooperative maniirial trials in 13 localities of 9 States of the 
U. S. A., confirmed this beneficial effect of potash in reducing cotton 
wilt. In Uzbekistan, Zaprometoff ( 1929 ) found the incidence of 
wilt to be very slight on soils with a high content of common salt, 
which suggests that salt might be able to replace potash for control of 
wilt and rust in cotton, just as it can be used to replace potash for the 
manuring of sugar-beet. 

A reduction in the percentage of tubers infected by the potato 
wart organism, Synchytrium endobioticum, has been claimed by 
Leszczenko and Szymanski ( 1938 ) to follow application of potash 
salts to artificially inoculated field plots in Poland. In experiments 
on the relation between development of clubroot in crucifers and the 
concenti-ation of plant nutrients, Pryor ( 1940 ) found the percentage 
of plants forming clubs to be markedly reduced by a deficiency of 
potash. 

Minor dements. — Secondary infection by fungi and other micro- 
organisms may complicate and aggravate the symptoms of minor 
element deficiencies in plants. Thus Gerretsen ( 1937 ) has claimed 
that bacterial infection of the roots is concerned in the production of 
the ''grey leaf" symptoms characteristic of manganese deficiency in 
oats. In Victoria, Millikan ( 1938 ) found that applications of zinc 
sulphate at rates of 15 and 30 lbs. per acre considerably improved the 
growth of wheat crops suffering from a combined attack of eelworm 
{Heterodera schachtii) and of a number of root-rotting fungi, includ- 
ing Helminthosporumi sativum;^ Curpularia ramosa, Fusarium cuF 
mortmi^ and RJmoctonia solanL The treatment did not apparently 
give any appreciable reduction in the number of roots infected by the 
parasites, but, by greatly increasing the rooting capacity of the plant, 
minimised the damage due to such infection. Millikan ( 1942 ) has 
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since desiionstratecl that soil iiiicro^orgafiisitis may compete with a 
wheal crop for available supplies of tnincir eleitifiils. A clclicieticy of 
available zinc was mack gcKJcl by stmiti sterilisation of the soil; ia 
steamed soils, wheat no longer responded to apphcalif^ii of iliis minor 
element* llie responsiveness- to zinc could Im restore! I however, by 
re-inc>cii!atioii of the soil with isnsterilised soil two nionilis before sow- 
ing wheat. From the results of such exjierimeiits, Mu.likan con- 
cluded that the poor growth- of wheal on certain Victorian soils w^as 
due more to competition by mprophytic soil niicro-organisms for 
limited supplies of zinc and other minor eleinents than to root infection 
by parasites* 
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' SAPROPHYTIC ACTIVITY OF THE ROOT- 
INFECTING FUNGI 

, The parasitic activity of the root-infecting fungi has been closely 
studied by many investigators; their saprophytic existence, under 
natural coiiditions in the soil has, received comparatively little atteii- 
tioiij tlioiigh the earlier literature, abounds in assertions as to the 
capacity of this or that fungus for indefinite survival as a saprophyte 
in the soil; such statements have usually been deemed self-evident, 
though sometimes they have been supported by reference to ^ the 
capacity of the fungus for maintained saprophytic growth on sterile 
culture media or in sterilised soil. With the realisation of the part 
played by competition of organisms in the microbiology of the soil, 
such assertions have become appreciably more rare, but the need for 
experimental investigation, is still very great. 

Two types of saprophytism can be distinguished amongst the root- 
infecting fungi :, — ^ 

(i) active saprophytic colonisation of dead plant tissues lying on or in the 

soil, 

(ii) limited saprophytic survival in tissues originally invaded as parasite. 

The first type of behaviour is typical of the primitive parasites of 
the soil inhabitani class, and the second of the more specialised pzm- 

Slits oi the soil invader chss. 

Active Saprophytism: — Root-infecting fungi behaving as active 
saprophytes will be considered, for, convenience, under the following 
three heads: — ■ 

(i) Fungi making a macroscopkally- visible saprophytic spread through 
the soil, 

(ii) Fungi making a microscopically-visible saprophytic spread through 
■the soil, ' 

(iii) Fungi making no extensive saprophytic spread through the soil. 

Fungi making macroscopicaUy-visible saprophytic spread through 
the soil, — ^The species of Rosellinia may be selected as furnishing the 
best known examples of this class. These fungi are especially im- 
portant in West Indian plantations ; their biology and control has been 
described in detail by Nowell' (1923), from whose book the follow- 
ing general description is taken: 'Tn the West Indies the fungi con- 
cerned are mainly species of Rosellinia. Other forms occur but are 
comparatively rare. In cultivations of an open nature where sun and 
wind have access to the soil, and specially in those of arable crops, 
there is a rapid dissipation of the decaying material necessary for the 
development of the fungus and the -diseases as a rule soon disappear. 
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They ran I'lersist, however,, in- cultivations such as tliat of cacao in 
wliidi the conditions, es^*cially ■ where shade trees are abniidant, 
approach to those of the forest in resect of shade and hiiinidity. They 
also occur in windbreaks and hedges of certain susceptible trees and 
sl'inilis in wet or sheltered districts. The causative fungi infect shaded 
soil rich in decaying vegetable matter and spread slowly through it, 
(kstroyifig every plant with m-hich they come into conlactd’ A descrip- 
tion of a particular occurrence' of Rosellmm mrtmla in Ceylon, mdiicli 
reveals the observer as well as the observed, has teen contributed by 
Fetch ( 1928) : “Almost my first experience of Rosdiink aramia was 
its occurrence in a Panax hedge round my bungalow’ garden at Pera- 
deiiiya. A mango tree which stood on the acljoiiiing estate had been 
felled and the log left lying with one end near the hedge* The 
RoselHnm began to develop among the dead leaves w^hich had accumu- 
lated alongside the log, and then spread to the hedge, where it ran 
along the stir face of the ground under and among t!ic dead leaves in 
the hedge bottom. As the ' mycelium readied each of the closely- 
planted Panax stems, it enveloped it at tlie base. The cortex of the 
Panax stem rayndly fiecame soft and rotten, and in a very short time 
the platit was dead* In a few’ wx^eks the hedge had been killed for a 
length of about 6 feet. It wiis tlieii considered that sullicieiit informa- 
tion had iKxm obtained concerning the method of progress of the 
fungus.” 

Fungi making mkroscapkdly-msible supmphyik spremi ihrmgk 
Ihe soil . — Free mycelial spread of Rhkacimm sohni through the soil 
can easily be demonstrated under the dissecting microscope ; it is neces- 
sary only to place an agar inoculum' disc of this fungus on the surface of 
moist iinsterilised soil in a covered dish, and examine again in a few 
days^ time. Blair (1943) has studied the spread of this fungus 
through the soil, using the Rossi-Cholodny slide technique. Gi’owth 
of the fungus in 4 tyi^s of soil was most rapid at the lowest soil 
moisture content tested, 30% saturation, and w^as improved by forced 
aeration of the soil Growth was depressed by addition to the soil of 
such fresh organic material as ground wheat straw or dried grass. 
Blaie showed that this depression was due chiefly to the competitive 
eff«:t of other tnicro-organisms better able to develop upon such sub- 
strates ; under sterile conditions, the organic supplements failed to de- 
press the growth of R. sohni Pre-decomfxjscd materials depressed 
the growth of the fungus less than the fresh materials. In pure culture 
experiments on cellulose substrates, Blair demonstrated that the cellu- 
lose decomposing capacity of R* solam was weak by comparison with 
that of typical strong cellulose d«:omposers* He further analysed 
this depressing effect of the cellulose' decomposing microflora upon the 
growth of J?. sokni by demonstrating that (!) the effect was much 
diminished by addition of-excxiss mtrogen to the soil, and was there- 
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fore due in part to competition for available nitrogen between the cellu- 
lose decomposers and R. solani (ii) the elfect was also greatly reduced 
by removal of the respiratory carbon dioxide produced by the cellulose 
decomposers, through absorption over strong alkali in closed vessels. 
In other experiments, Blair demonstrated that whereas growth of 
J?. solani through untreated soils was most rapid at 7, in soils 
with fresh organic amendments the optimum pH value for growth 
was approximately 8 ; this he attributed to the action of alkaline soil 
as a carbon dioxide acceptor (Garrett, 1936). 

Although such experiments with Rossi-Cholodny slides demon- 
strated an effect of soil conditions upon the rate of growth of i?. solani 
through the soil, they offered no clue as to how far such growth was 
supported by the 6-mm. disc of agar inoculum, and how far by nourish- 
ment from the soil itself. In an attempt to answer this question, 
Blair carried out experiments on the growth of the fungus through 
glass tubes filled with three different types of moist soil and with 
quartz sand, respectively ; the tubes were inoculated at one end with 
an agar inoculum disc of the same diameter. Whereas growth of the 
fungus ceased at a distance of some 5 cm. from the inoculum in the 
tubes of sand, it extended for some 20 cm. beyond the inoculum in the 
three types of soil, during 21 days. In another experiment, Blair 
removed the agar inoculum disc from some tubes 2 days after the 
start of the experiment, and inoculated other tubes not with agar discs 
but with mycelial strands picked off the vertical glass walls of petri 
dishes containing agar cultures of the fungus. Removal of the agar 
inoculum discs after 2 days, or the substitution of mycelial strands as 
inoculum, greatly diminished the growth of R. solani m the tubes of 
sand; in the three soils, however, removal of the agar discs reduced 
growth by only a negligible amount. Growth of the fungus from the 
mycelial strand inoculum had almost caught up with that in the un- 
disturbed agar disc controls after 23 days in one type of soil, but in the 
other two soils growth was only about half that in the agar disc con- 
trol tubes after 23 days. Blair suggested that a certain food-potential 
of the inoculum might be necessary to initiate saprophytic growth of 
R, solani through the soil— by analogy with the need of most root- 
infecting fungi for a food-base htlore they can establish root infection 
above, p. 26) . 

The saprophytic persistence of R, solani in the soil has been corre- 
lated by Elmer (1942) in Kansas with summer weather conditions. 
Elmer states : “The commercial potato crop in eastern Kansas matures 
and usually is harvested in early June. Throughout the rest of the 
summer the fields usually remain fallow. Summer temperature in this 
area is too high for the production of Rhieoctonia sclerotia as is dis- 
closed by the fact that they are rarely found here on tubers of the 
early summer crop. Thereafter the fungus must consequently exist 
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saprciphytically as soil^bome myceliufii. lii this state its persistence 
de|>€!ids on the presence of sufficient soil moisture to prevent death 
from desiccation. The springtime prevalence of soil-home Rhkoc- 
kmiu ill these fallow fields indicates to what extent this fungus is able 
to persist in such field soils during the preceding siiiiinier/' Varia- 
tion in the prevalence of R. salmi stem canker cm potato crops estab^ 
fished fmm clean seed was therefore attributed by Iilmee to varia- 
tion in saprophytic siirvi\^al of R, s&lani in the soil, following potato 
harvest of the previous July, An annual survey of the incidence of 
stem canker in potato plots established from clean seed in some 15 
scattered Icxalities of eastern Kansas was made by Elmek during the 
13-year period 1928-1940. ■ A high |>ercciitage infection in an}^ year 
could be correlated with the occurrence of soil conclitioiis suitable for 
saprophytic survival of R, solani mycelium in the soil during July and 
August of the preceding high rainfalh relatively low tem- 

perature, and absence of drying winds. Percentage infection was 
low, on the other hand, following a year in which July- August rain- 
fall had teen low% and hot drying winds had been frequent, leading to 
a drying-out of the surface soil. Variation in the iiicidence of stem 
canker from year to year was evidently not clue to the effect of the 
current season’s weather on development of infection, because plmis 
esiablished from infected tubers shmued a high percentage of infeciim 
throughout the whole pepiod of the survey. 

Survival of R. solani on a host plant was not adversely affected by 
dryness of the soil in the summer .months ; if the land was occupied in 
August by a late-planted potato, crop, or by some other crop suscep- 
tible to R. salmi then the potato crop of the following year showed 
considerable stem canker, regardless of w^eatlier conditions in tlie pre- 
ceding July and August. From the results of these various experi- 
ments, Elmer concludes: ‘*The prevalence of soil-borne Rhkoctonm 
in eastern Kansas can be approximately predicted from the relative 
soil moisture content of the preceding summer. ... In regions like 
eastern Kansas, where soil-borne Rlmocionia may periodically be 
practically eradicated bemuse of environment, effective seed-potato 
treatments are valuable not only in preventing infection of the current 
s^soii*s crop but also in preventing reinfestation of the soil with this 
fungus” 

Fungi making no extensim saprophytic spread through the soil . — 
A well-established example of this type of fungus is provided by 
Fusarimn cidmoniwi, the active sapropliytisni of wdiich was shown 
by Saoasivan (1939). Both natural, untreated wdieat straw and 
straw sterilised in the autoclave were buried in 6 different types of 
soil for periods not exceeding 4 months ; at intervals, samples of straw 
were removed from the soil, washed, and plated out after a light sur- 
face sterilisation with mercuric chloride. High percentages of F. cuf 


Chapter 7 




Saprophytic Activity 


morum colonies were obtained from the straws at many of the samp- 
lings ; F. culmormm and Penicillmm spp. were the dominant organisms 
forming colonies from the straws on the agar plates. Saoasivan 
further demonstrated that the isolates of F. culmorum thus obtained 
possessed parasitic ability comparable to that of isolates derived from 
diseased plants, when tested against wheat seedlings. 

Sadasivan's discovery was confirmed and extended by Walker 
(1941), who demonstrated the saprophytic development of F. cul- 
morum in straws buried in samples of soil taken from a number of 
fields at monthly intervals throughout the year. There appeared to 
be little correlation between percentage colonies of F. culmorum ap- 
pearing on the isolation plates, and season or cropping history of in- 
dividual fields. The relative numbers of colonies of F. culmorum^ 
PeniciUium spp. and other fungi obtained by Walker were, however, 
greatly influenced by the surface sterilising agent employed and by the 
time of sterilisation; this suggested that a number of fungi were 
present in each straw, but that a ‘'selection’*, which determined colony 
production on the agar plate (see above, p. 11), occurred during the 
surface sterilising and plating-out. Similar conclusions concerning 
the saprophytic ability of F. culmorum were reached by Weise (1939) 
in his study of the foot rot of asparagus due to this fungus in Saxony. 
F. culmorum was invariably found to be present in samples of soil 
taken from the Weinbohia district, and was found living as a sapro- 
phyte both in compost heaps and in decomposing straw. 

Saprophytic Survival in Tissues Invaded as Parasite; — - 
Various more or less casual observations on the survival of root-infect- 
ing fungi in diseased crop residues have been reported. The longest sur- 
vival periods have been recorded for mycelium in infected tree roots 
buried deeply in the soil; the most famous instance is provided by a 
much quoted piece of Mesua ferrea root infected by Pomes noxius 
which, according to Tunstall ( 1926) , must have lain buried in the soil 
at the Tocklai Experiment Station in North East India for at least 14 
years. Cooley (1942) successfully isolated Xylaria mali from undis- 
turbed roots of apple trees, affected by black root rot, at periods of 4 
years and more after death of the host ; he quoted a survival period of 
16 years for another infection by the same fungus, as recorded by 
SCHNEIDERHAN (1936)., 

Taubenhaus and Ezekiel (1930&) have drawn attention to the 
necessity for distinguishing between real and apparent saprophytic 
survival of a root-infecting fungus. These authors confirmed the 
earlier observation of Taubenhaus and Killough (1923) that the 
roots of cotton plants might live on underground throughout the Texas 
winter after the tops of the plants had been killed by frost. The root 
rot fungus, Phy mat o trichum omnivorum, not only survived but also 
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Spread along such Ii%dfig, overmdiiteriiig roots ; in one iiislaiice, Tao- 
BENJiAUS and Exekiel observed -a. spread of as niiscli as 12 feet along 
a row of overwintering roots under dead tops. The vial)ility of 
P, amnivorum on living overmdfitering rcKjts was dcinoostrated by iso- 
lation erf ilm fungus in pure culture, by its ability to put out fresh 
niycdial strands when the root was placed in a moist chamber, and 
by its rapid infection of cotton, and tiiniip roots. Xo isolations were 
secured, on tlie other hand, from dead decaying roots, no strands were 
put out Iw the fungus, and no infection of healthy roots could be ob- 
tained by the use of such dead decaying roots as itiociiliiiii. Tauben- 
iiAUs and Ezekiel therefore concluded that, unless sclerotia were 
formed on tiie infected root, the fungus could not survive the winter 
on dead, decaying .roots, but only on living overwintered ones. In 
confirmation of this claim, Taubenmaus and Ezekiel cited an experi- 
ment in which they had successfully intxrulated healthy cotton plants 
mi'tli tap roots of cotton plants killed by root rot only 1 clay to 2 wrecks 
earlier, but not with those of plants killed from 3 to 9 weeks earlier. 
Neal and Maclean (1931) reported that inycelia! strands of P. omni- 
v&rufu recovered at various ■ depths from the soil of infected cotton 
.fields were viable as kte as Decemlier, but that no vialile strands could 
be found in January, February or March. M'ore recently, ISzekiel 
(1940) has .shown that topping or girdling infected cotton plants at the 
advancing margins of root rot .sfxits in midsummer may greatly shorten 
the survival period of F. omnivomm on the roots. From the practical 
point of viewL liowever, interest in the saprophytic survival of F. omni- 
TOrii/w in dead infa:ted root tissues has deedined since the original 
announcement by Kmc and. ii>0Mis .(.1929) of their discovery of a 
sclerotia! stage of this fungus in pure culture. 

The survival of Ophiabolus gramims, causing the take-all disease 
of cereals, in infected plant tissues seems to have received greater at- 
tention than that of any other root-infecting fungus. The influence 
of soil conditions upon the survival period of 0. graminis was ex- 
amined by Gareett (1938&, 1940), using a glass tumbler technique; 
at regular intervals, the viability of the fungus in 100 or more indi- 
vidual pieces of infected straw from each of the different soil series 
was ascertained by means of a wheat seedling test. From results thus 
obtained, GmmrT was able to correlate tlie rapidity of disappearance 
of the fungus with general microbiological activity of the soil ; loss of 
viability was most rapid under conditions of medium to high tempera- 
ture, suitable moisture content, and good soil aeration. Viability of 
O', graminis was preserved, on the other hand, at a low temperature 
(2 o^ 2^C*) and in air-dry soil, and was actually maintained for longer 
in a water-logged soil than in one held at a moisture content of 50% 
saturation. Loss of viability was particularly hastened by the addi- 
tion of fresh energy materials, poor or entirely lacking in nitrogen. 
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such as glucose, starch, or rye-grass meal, to the soil; this effect 
diminished as the nitrogen content of the material increased, so that 
rape dust, with a nitrogen content of 5,8% was found to exert no sig- 
nificant influence upon the survival of O* graminis in the straws, whilst 
dried blood with a nitrogen content of 13% actually increased the sur- 
vival period, Ammonium carbonate was found also to promote sur- 
vival. Garrett attempted to explain these results by the hypothesis 
that the 'h*esting'' mycelium of O. graminis in the infected wheat straw 
was subject to decomposition by the other micro-organisms of the 
soil; he suggested that the mycelium was attacked as a source of 
nitrogen by the micro-organisms decomposing the matricai straw 
(nitrogen content only 0.4 % ) . The addition of nitrogen-poor organic 
materials to the surrounding soil vrould enhance the nitrogen scarcity 
and increase the number of micro-organisms engaged in decomposi- 
tion, whereas the addition of nitrogen-rich materials would provide 
an alternative and more readily available source of nitrogen than the 
mycelium of 0. graminis for straw decomposition. 

In a second paper, Garrett (1940) reported survival of the 
fungus ill almost 1CX)% of infected straws buried for 8 months in a 
garden soil rich in humus and high in nitrogen content. Reconcilia- 
tion of this observation with the hypothesis that the 'Vesting’’ mycelium 
of the fungus was a passive subject for decomposition by the other 
soil micro-organisms was difficult, and led to further direct micro- 
scopical observation of the fungus in the infected straws. A slow but 
apparently continuous branching and development of the mycelium of 
0. graminis was found to occur for wrecks or even months after the 
straws had been buried in the soil At time of removal of the infected 
straws from the pure-culture flasks, the mycelium in the tissues was 
mainly of the hyaline type, corresponding to the "microhyphae” of 
Fellows (1928), but, after the straws had been buried in the soil, 
the dark mycelium, or "macrohyphae” of Fellows, developed. The 
development of dark mycelium was noticeably greater, and also more 
sitstained, in the straws buried in soils well supplied with soluble 
nitrogen. Garrett therefore concluded that survival of 0. graminis 
depended upon the continued slow development of the mycelium inside 
the inf ected straw ; a plentiful supply of soluble nitrogen from the soil 
prolonged this development, and thereby extended the life , of the 
fungus. Some typical results obtained by Garrett, which illustrate 
this important effect of nitrogen in prolonging the survival of 
0. graminis in the infected straw, are quoted in Table 9. 

Garrett therefore concluded that any treatment interfering with 
the supply of nitrogen from soil to straw might be expected to shorten 
the survival period of the contained ' fungus ; treatments especially 
. effective' in this respect were incorporation of' rye-grass .meal in the 
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Table 9. Pgrcmtage sirtmi eontmmmff tmbk Oflmbohu mycelium : ^ 

Seiies Weeks 

■7 ■■ 10 13 16 19 22 25 

No. 1, iiiitrcated soil 92 70 72 26 20 7 3 

No. 2, +1.S6 mg. N ............... P 82 82 57 37 18 8 

No. 3. +3.125 mg. N ............... 92 84 76 72 76 33 44 

No. 4. +6.25 mg, N . 91 ^ 84 82 73 46 38 

No. 5, +12.S mg. N 9S 92 B4 94 80 76 74 


soil, and close crowding of tlie.stram^s with.a niiniiiiiioi of surroiind- 
iiig soil (Table 10). 

Tabi^e 10. . Percentage of siraws cmtimning tmbk Ophmbolus mycelmm: 

. ■ SsiiEs' Weeks 

3 6 9 12 IS 18 21 


No. I, ICI straws per 200 gm. ....... 100 100 99 % % 88 89 

No. 2, m straws fier 200 gm. soil ........ IIMl 99 W 98: 91 91 ' , 84 

No. 3, Ml straws per 200 gm. sol! ...... IW 99 95 83 5! 43. 36 


The survival of O. gramimis in the infected plant tissues thus seems 
to depend especially upon its ability to form fresh hyphae. This, in 
turn, waits upon an adequate supply of nutrients ; lack of nitrogen 
usually seems to be the limiting factor for 0. grmninis, as well as for 
other soil niicro'-orgauisms engs^ed in decomposition of the straw 
tissues. Now Ciiano (1939) has shown that decomposition of com- 
posted wheat straw by a general soil flora proceeds substantially 
further in the presence of an adequate supply of phosphate, in addition 
to the usual supplement of nitrc^en. R'ccent unpublished evidence 
suggests that the survival of 0. graminis may be slightly prolonged 
by supplementary phosphate, if the straws are buried in a medium 
completely lacking this nutrient, 

Tire gap between the conditions obtaining in such laboratory 
tumblers and those in soil in siiu in the field has been bridged by the 
exfxsriments of Fellows (1941), who followed the disappearance of 
0. grmninis in naturally infected soil taken straight from the field and 
incubated under the eight possible combinations of high and low tem- 
perature, loose and fiim packing, and moist and air-dry conditions. 
The low-temperature samples were stored in a deep cave and the high- 
temperature ones were kept in the glassliouse. Looseness was main- 
tained by occasional stirring, and a firm packing achieved by thorough 
tamping of the soil whilst mdst. The moist soils were maintained at 
approximately 60% of sattmation, whereas the others were allowed to 
air-dry. Four experimmts were made, and periods of incubation 
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varied from 230 to 777 days ; at the end of the incubation period, all 
soil samples were brought to favourable tilth and moisture content, 
and a test crop of wheat grown in them to maturity, in the glasshouse! 
The degree of infection on the plants at harvest was expressed by 
means of a “severity rating”. In almost every comparison provided 
by this series of extensive factorial experiments, the fungus disap- 
peared more quickly in a warm soil than in a cold one, and more 
quickly in a loose soil than in a compact soil. The influence of mois- 
ture was less straightforward ; under cool conditions survival appeared 
to be rather better in a moist than in a dry soil, whereas under warm 
conditions the reverse was the case. In all four series of experiments, 
without exception, disappearance of the fungus was most rapid in the 
warm, moist, loose soil, i.e. under just those conditions of high tempera- 
ture, adequate moisture content and good aeration that were postulated 
by Garrett ( 1938& ) as most conducive to rapid loss of viability. 
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DORMANCY OF THE' R00T4NFECTING FUNGI 

Specialisation of parasitistii in a root«!iifeclitig fiiiigii.s firings with 
it the liazard of local extinction when the infected liost pL'ini dies ; the 
greater the degree of specialisation, the more* reiiiote is the chance 
that tlie parasite will be able to reacli another susceptible laist liefore 
the death of the first one. . This hazard has been sulistaiitially reduced 
througii the development of resting spores and sclerolia by many of 
the root“irifectiiig fungi. Whereas long-lived resting spores are typi- 
cally pruduced by nienil>ers of the Fhycoiiiycctes» sclerotia are espe- 
cially characteristic of the Ascoinycetes and Fungi Imperfect!, By 
means of these organs, root-infecting fungi are enabief! to survive for 
a period of years in the soil in the abserice of a suitable host plant; a 
small proportion of such resting spores or sekrotia eventually re- 
establish the parasitic phase of the fungus, provided that sooner or 
later contact is made with the roots of a susceptible host. 

Resting Spores: — The thick-availed resting spores of the Phy- 
coniycetcs, resulting from the process of sexual reproduction, are re- 
Sj:M3!isi!)le for long survival of the organisms in soil carrying no sus- 
ceptible host plants. Thus Schaffnit (1922) reported that potatoes 
ccintractecl wart disease, due to Symhytrium endabioiicum, on a plot 
tliat had been fallowed and kept free of weeds fetr no less than 10 
years. A four-year rotation 'is. frequently quite iriadec'iuate to control 
the cliibroot disease of. crucifers, due to Fimm^dhf^hora hrassicae^; 
on Agdetl field at the Rotlmmsted 'Exj^rimental Station in England, 
which has t>een under a 4-course rotation of swedes with three non- 
craciferous crops since- 1848, a severe outbreak of clubroot first at- 
tracted attention in 1920 , Gibbs ( 1939 ) has recorded survival of the 
resting spores of F. brasskae for 5 years in New Zealand, and. 
Fedorintchik ( 1935 ) . in. Russia obtained 27% infection in 
cabbage seedlings potted up in soil taken from a field not sown to 
crucifers for 7 years. Geach ( 1936 ) found Apfmmmyces eutekhes, 
the cause of pea root rot, to survive for at least 2 years in pots of in- 
fected soil kept free of weeds, Jones and I)rechslf:r ( 1925) secured 
field evidence that A* eutekhes might survive under apparently non- 
susceptibk crops for a period of 6 years, which was extended to 10 
years by the survey of Lihfoeu and Vaughan (1925) ; later, how- 
ever, Linford (1927) attributed these long survival periods to mild 
infections of the parasite in hosts other than pea. There is nothing 
inherently improbable in such long survival of resting spores in the 
soil, especially in view of the long survival of certain types of weed 
seed under suitable conditions. Nevertheless, when considering evi- 


THs organism does not belong to tbe Fbycomycetes, btit to tbe Myxomycetes. 
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deuce from length of crop rotation, it is unwise to exclude the possi- 
bility that weeds susceptible to the parasite may have established them- 
selves at some time or other on the land, though it seems very unlikely 
that cruciferous weeds could have been responsible for the high per- 
centage of infection reported by Fedorintchik (1935), quoted above. 

Scanty information is available concerning possible variation in 
survival of such resting spores under different soil conditions; such 
data as have been published have been derived from the field rather 
than from the laboratory. Fedorintchik (1935) could detect no 
beneficial effect of ploughing fields two or three times a year in hasten- 



Figure 7. — Formation of resting spores of Plasmodiophora brasskm in 
cells of host {After M. W or onin), 

ing the disappearance of the clubroot organism from the soil in Russia, 
and Gibbs ( 1939) concluded that survival was influenced by the length 
but not by the type of rotation and management employed by farmers 
in New Zealand. In contrast to these field studies by Fedorintchik 
and Gibbs^ in which cruciferous host, plants were used to detect viable 
spores of Plasmodiophora brassime in the Bremer (1923) de- 
veloped a direct microscopical technique for the same purpose. Sec- 
tions of inf ected cabbage roots containing spores of P, brassicae were 
buried in the soil, and viability of the spores was determined at inter- 
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vals by j>lasiiio!ysis in salt solution, . followed by fiepLismolysis in water. 
Employing this technique, .Bmemee (1924) rc|K)ried that a high pro- 
portion of sj>ores germinated 'eveii in the soil freshly treated with lime, 
although germination was more rapid and more extensive in the acid, 
tiiitrealed soil He found that injury to the spores through treatment 
with mercuric chloride, or through exposure to a temperatiire of 45 "^C., 
was least severe in the alkaline soil at pH 8.0, in which the clonnancy 
of the spores was presimiably more profound. As a result of this 
m^ork, Beemee concluded that, in the absence of cruciferous host 
plants, P. brasskae was likely to survive for longest under those soil 
conditions, such as alkaline reaction, least favourable for spore germi- 
nation. This im|x>rtaiit conclusion Is likely to apply to the survival 
not only of other resting spores, but also of sclerotia, and even of 
mycelium in infected host tissue as well ( 5 * 1 ?^ above, p. 66) . 

A direct microscopical method wzs also developed by Glynne 
(1926) for studying survival of the resting bodies (winter sporangia) 
of Symchyiri$im endoMotkum, the fungus causing w’art disease in 
potatoes. The sporangia were mounted in 1-2% aqueous acid fuchsia, 
and the thick brown sporangia! walls were broken by pressure of the 
cover slip, so that the cell contents were exj^elled into the stain. The 
contents of living sporangia slowly assumed a pale pink colour, w^hich 
gradually deepened; the contents of dmd sporangia rapidly stained 
deep crimson. Whereas Beemee got over the difficulty of recovering 
the spores of F. brasskae from the soil by using sections of infected 
host tissue as a mount, Gi-¥M'HE solved the problem in another way, by 
extraction of the sfiores from soil with chloroform, which was found 
not to affect their viability. The complete method was apparently 
never employed by Glykne to study survival of S. endobmikum under 
different soil conditions, as her published experiments were concerned 
chiefly with determination of lethal temperatures in mtro. Both the 
Bremer and Glynne techniques, however, merit further consideration 
by investigators ; although the resting bodies of these organisms sur- 
vive for long periods in the soil, there must be a considerable reduction 
in numbers during the first few months, or even m^eks, which could 
well be studied by such techniques. 

Long-livrf resting spores, or sporangia, of this type are character- 
ised, as populations, by marked physiological heterogeneity. Under no 
single set of soB conditiom are dl resting spores in a populaiion likely 
to germimte. Such physiological heterogeneity amongst populations 
of resting spores complicates the ^ricultural problem of eliminating 
them by cultivation or by other methods. Other things being equal, 
the greater the phystologkd hiterogmeity in a population of resting 
sporesj the longer is the probable swvitMd period of the parasiie^ For 
this reason, the more rapid and diverse the fluctuations in the soil en- 
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vironment, the more extensively will resting spores germinate (and 
disappear from the soil in the absence of host plants). Factors espe- 
cially likely to encourage germination are fluctuating soil temperature, 
moisture content, aeration and reaction; germination may also be 
stimulated by volatile substances emanating from plant residues 
buried in the soil, and from the roots of non-host as well as of host 
plants (Noble, 1924; Platz et cd ,, 1927). 

Some information is available concerning the survival of spores 
of the cereal smut fungi in the soil ; these spores are rather different 
from the thick- walled resting bodies of the Phycomycetes, and are 
less effective in securing prolonged survival of the fungus in soil, 
though fully effective in seed transmission of the organism. Thus in 
many parts of the world, soil infection by Tilletia tritici causing bunt 
of wheat, is negligible, and satisfactory control is secured by seed 
treatment with a fungicide. In the Pacific Northwest of the U. S. A., 
however, considerable losses from bunt were reported by Hungerforb 
(1922) to follow contamination of fallows ready for autumn drilling 
of winter wheat, by clouds of bunt spores released during the thresh- 
ing of crops on nearby fields. In a small plot experiment in which 
the soil was artificially inoculated with bunt spores, Hukgerford 
found the percentage of bunted heads to decrease from a maximum of 
35 on the plot sown immediately after soil inoculation to a minimum 
of 4,5 on the plot sown a month later. 

In similar small-scale plot experiments, Hanna and Popp (1934) 
found that percentage of bunted heads in spring wheat varied accord- 
ing to the type of inoculum mixed with the surface soil in the previous 
autumn; sifted bunt spores gave 11% of bunted ears, bunt balls gave 
29%, and whole bunted heads gave 45%. Spore germination in the 
spring was found to be higher in spores taken from bunted heads over- 
wintering on the surface of the ground than in those taken from 
buried overwintered heads, Borzini (1935) reported that spores of 
'Usiilago seae^ the maize smut, survived better on the surface of soil 
than when buried in the soil ; the buried spores survived better in air- 
dry than in moist soil. Similar experiments on survival amongst spores 
■of' Urocystis tritici, causing flag smut of wheat, were carried out in 
Missouri by Griffiths (1924). Diseased leaves were ground up, 
mixed with 2 parts of soil and placed in 2-inch flowerpots, of which 
half were buxded 1 inch below the soil surface, and the other half 5 
inches below. Samples of pots were taken at approximately fort- 
nightly intervals from the beginning of January, and tested for via- 
bility of t/. tritici by the planting of wheat seedlings, which were held 
in the glasshouse. The percentage of infected wheat plants thus ob- 
tained decreased markedly at successive samplings ; survival of the 
organism was more prolonged in the pots buried more deeply. 
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Sclerotk: ~ Unlike resting sclerotia are iniiiiicelliilar 

kxlies. in which there is typically, thotigli iial always, clifferentiation 
cif an outer skin or rind ; this rind is assumed to exercise a protective 
fiiiictioiL The diameter usually .varies from 0.5 to 2 tlioiigli a 
diaineier of 1 cm. or more is sonictitnes ciicciiinterecl llie sderotia of 
rofiidiifecling fungi gerininate to prcKliice new vegtialivt* iiiyceliiiin; 
tlic miniiiniiu effective si 2 :e «d the sclerotiiini is ckierniiiied hy the 
voliinie oi the foochhase ii€res.wy for estaWisliinetit by the fungus of 
rcMT^t infectit)!! in the host. The most econoinical size of sclerotiiim 
for a root-infecting fiingtis may therefore {« defined as the iniiiiimim 
ellective size. The sclerotia of flower and foliage-infecting fungi, on 
the other hand, usually gennioale to pnxluce frtiitiiig bodies, from 
which air»horiie sfcires are ejected. The most mnioiiiical size for 
sdcrolia of this ty}>e is not necessarily the mifiimum effective size; in 
geiierab the sclerotia of the flower and foMage-infecting fungi are 
notahly larger than those of the rcxit-i« feeling fungi. Even the ergots 
of Clmnceps purpurea are larger than typioil sclerotia of most root- 
infecting fungi ; the large sclerotia formed by species of Scleroiinia and 
Boiryis are familiar to most iiiycolc)gi,sts. Brown a.iirl Butler 
{ HW6) found sclerotia of Selerotmia sckroliorum to attain a length of 
3 cm. on infected lettuce plants. 

The selerfjiki of Phymalatrklmwt mnftmmmk ~ Tbtim have re- 
ceived more attention than those of any other root-iiifecliiig fungus. 
The sclerotia of P. mnnivormn were discovered by King and ‘Loomis 
(193) in lalioratory cultures; they were first foiiiicl in the field {in 
Texas) by Neal ( 193). This discovery of true sclerotia in P. munk 
p§rum accounted for the longevity of the fungus under non-suscep- 
tible crops ; this would otherwise have been difficult to reconcile with 
the demonstration by Taubenhaus and Ezekiel (1930&) and by 
Neal and Maclean (1931) tlmt the vegetative strands of P. onim- 
vorufm do not survive for more than a few weeks on dead roots. Thus 
Ratliffe (1934), Rogers (1937), and Rea (1939) have concluded 
that satisfactory control of cotton root rot is not given by rotations of 
less than 4 years* duration, or, in other words, by a break of less than 
3 years under non-susceptible crops. The sclerotia usually vary in 
diameter from 1 to 2 mm,, though a diameter of 1 cm. may be attained 
(Rogers, 1937), and they are formed in chains on the vegetative 
strands. The histology of the sclerotia has been described by King 
and IxiOMis (1929) : **Micro^opic examination of sections of the 
sclerotia showed that they were formed by the division and growth of 
the cells of portions of the large strands. This division of the cells 
apparently took place in the large central cells of the strands as well 
as in the smaller cells which surrounded the larger, as no, continuous 
series of large cells of similar appMtrance extended through the sclero- 
tia. Sections show that the interior of the sclerotia is made up of 
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closely packed, colorless, thin-walled cells of large and small size inter- 
mixed and varying in shape from roughly rounded to elongate oval 
and having no definite arrangement. A view of the surface of the 
sclerotia presents a labyrinthine appearance caused by the very irregu- 
lar or contorted shapes of the brown, moderately thick-walled cells. 
From some of these surface cells, acicular hyphae, or setae, similar to 
those of the strands themselves, protrude at right angles, giving the 
sclerotia a somewhat bristly aspect under the microscope.” The process 
of germination has recently been described in detail by Presley 
(1939), and appears to be distinctly unusual. The new hyphae do not 



Figuie 8. — Surface cells of sclerotium of Phymatotrichum omnivorum. 
Acicular at A. {After C. I, King and H. F, Loomis). 

arise as braiiches or elongations of the resting cells, but appear to be 
fomied actually inside the cells, whose contents apparently go through 
a process of disorganisation and reorganisation that results in the for- 
mation of new hyphae, which eventually break through the old walls 
of the ^‘mother c.dls'^ 

Distribution of sclerotia of P. omnivorum in the soil. — Note- 
w’orthy studies on this aspect of the cotton root rot problem are those 
by King and Hope (1932) and. by McNamara and Hooton (1933). 
King and Hope found sclerotia abundant under cotton at depths be- 
tween 12 and 24 inches, being most numerous between 16 and 20 
inches. Under alfalfa they were abundant between 6 and 30 inches, 
and most numerous betwreen 12 and 18 inches. Under a Chinese 
elm, sclerotia were found at levels ranging from 6 to 48 inches. 
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McNamaha and Hmtoh nmde numcroiis exca¥aiioiis around the first 
cotton plants to die of r-TOl 'rot after 3- or 4 years of clean fallow or non- 
susceptible crops, on the assnniption that such plants represented 
primary infections. Most of these- primary infections were success- 
fully traced either to sekrotia, or to infected plant iiiaterial Mc- 
Namara ei al. f 1934) later ref>orted t:lmt sclerolia were not invariably 
the source of primary infa:iions; many of which were traced to ‘*per- 
sisteiit strands'*. Such strands were described as reddish to dark 
brown in colour, in contrast to the buff or light brown colour of the 
strands cm the still living host plant ; the persistent strands were alsO' 
smooth, having lost the mantle of acicnlar hyphae that gives the active 
strands their characteristically imzy appearance. Such f^rsistent 
strands were sometimes foiiiid upon the decaying remains of old 
cotton roots; at other, times they occupied empty root channels. 
Primary infections in cotton after 2 years of oats 'wttt traced to such 
persistent strands, which were also found interlacing a colony of sclero- 
tia ill a plot that had been under fallow for no less than 5 years. In 
the latter instance, the strand-s may liave arisen through germination 
of the sclerotia at any time during the 5-year period ; the sclerotia as- 
sociated with this and other primary ■ centres of infection in the first 
cotton crop after the 5 years fallow may also have been of secondary 
origin, through a process of '^sclerotia! budding", such as was described 
by King cl al. (1931). 

At first sight, these observations of McNamaea et at (1934) 
iifion the persistent strands may seem difficult to reconcile wdth those 
of Taubeniiaus and Eeekiel (i930&) and Neal and Maclean 
(1931) on the very limited survival of vegetative strands upon plants 
just dead from root rot. The persistent strands, however, are prob- 
ably more akin to sekrotia than to the ordinary vegetative strands ; 
the sclerotia themselves, moreover, are merely a $p«:ialised develop- 
ment of the vegetative strands, upon which they arise. Development 
either of sclerotia or of the persistent type of strand may be asso- 
ciated with a decline in nutritional level of the mycelium after a period 
of abundance; thus King and Loomis (1929) first observed forma- 
tion of sclerotia on strands that had grown out from infected cotton 
roots into the surrounding moist in which the roots were buried. 
McNamara and Hootoh (1933) reported, moreover, that they did 
not find sclerotia' on the tap roots or larger lateral roots of cotton 
plants, but out in the soil where cmly small rootlets occurred. It is 
pertinent to recall at this point that the studies'of Tatoenhaus and 
E2:ekiel ( 1930b) were carriaJ 'Cmt with the tap roots and larger lateral 
roots of infected plants* 

McNamara and Hooton' (1933) stressed the fact that in their 
excavations of primary centres 'of infection, they found no sclerotia in 
plots planted each year to cottoi, whereas' they 'were abundant under 
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cotton' following iion-siisceptible crops or fallow; they concluded, 
therefore, that the sclerotia *^are connected primarily with the sapro- 
phytic phase of the fungus and serve as a resting stage”, Rogers 
(1937), employing a highly elfective method for separating sclerotia 
of P. ofptnworum from the soil (Rogers, 1936), obtained, on the other 
hand, higher numbers of sclerotia under continuous cotton than under 
cotton or any other crop in a 4~year rotation of cotton with 3 non- 
susceptible crops (see Table 11, constructed from Rogers^ data). 


Table 1L Number and viability of Phymatotrichum omnivorum sclerotia in a 
4^year rotation as related to time interval since last planting of cotton: — 




No. OF 

Per cent 


No. OF 

VIABLE 

VIABLE 

Time interval 

SCLEROTIA 

SCLERCXTIA 

SCLEROUA 

End of cotton year. 

4488 

1665 

37.1 

End of first year mtder non-susceptible crop . . . 

9201 

S76S 

62,7 

End of second year under non-susceptible crop 

2681 

1479 

55.2 

End of third year under non-susceptible crop. . 

1617 

S60 

34.6 

Continuous cotton 

10,500 

6959 

66.3 


Rogers'' data do, hovrever, tend to confirm the claim made by 
McNamara and Hooton that formation of sclerotia occurs after para- 
sitic activity has ceased ; the highest sclerotial population, and the 
greatest percentage viability of sclerotia in the population, was found 
by Rogers to occur not at the end of the cotton year, but at the end of 
the first year under a non-susceptible crop. In a laboratory study, 
Rogers (1939) found that in Houston black clay soil (saturation 
capacity 70% ) sclerotia were produced at moisture contents ranging 
from 21 to 43% saturation, with an optimum moisture content at 36% 
saturation. The temperature range for production of sclerotia was 
found to be 11 ®-37°C., with an optimum at 27''C. 

Longevity oj sclerotia of P. omnivorum in the soU. — The sclerotia 
of P, omnworum, like the strands, are very sensitive to desiccation; 
King et al. (1931) found them unable to survive drying for 1% hours 
in the air of the open laboratory. Other sclerotia kept under distilled 
water gave 81 % germination after 92 days, and 20% germination after 
121 days. The susceptibility of the sclerotia to desiccation has been 
confirmed by Taubenhaus and Ezekiel (1936) and by King and 
Eaton (1934) in experiments on survival and germination of sclero- 
tia in soil at different moisture contents. Taubenhaus and Ezekiel 
studied loss of viability in sclerotia kept in Houston clay soil (satura- 
tion capacity 70% moisture) maintained at different moisture contents 
in small, stoppered glass vials ; 25 sclerotia were placed in the soil of 
each vial. Germination was tested 9 days after setting up the experi- 
ment and subsequently at yearly intervals; 50 sclerotia were appar- 
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eiitly .stlectecl from iht 75 sclerotia origitially placed in 3 vials* No 
sclcrcitia from the air-4ry -soil geraiiimteci at the first test, 9 days after 
setting lip the experiiiMitSg or .at any subsequent lest. None of the 
scderolia liurieci in the soils nmintasiied at 14%, 71% or 86%* satura- 
licm was viable at the end of the first year ; sciine of the sclerotia buried 
in the soils at intermediate moisture contents, t'ic. 29%, 43% and 57% 
siiliiratioru survived the whole test |>eriod of 5 }’ears, viability at the 
final test ranging from 10 to 16%. Ezekiel ( 1940) has since re- 
ported tbai mean germination was 10% after 6 years, and 8% after 7 
years, hut that no germination was obtained after 9 years or more. 

Now siirviva! of sclerotia depends upon two contingencies (i) that 
the sclerotia do not genniiiate and dissipate themselves as niycelitnn 
(ii) that they retain their capacity for germination. Since Tauben- 
iiAus and Ezekiel apparently selected W out of 75 sclerotia for their 
germination test, it is not possible to estimate from their talile of data 
hom^ many of the sclerotia were lost through germiimtioii or decay, but 
tlie prc>j)43rtioii evidently did not exceed one third. The conditions of 
reduced aeration in the stoppered vials might have teen expected to 
reduces s|>oiitaiieous germination of the sclerotia; conditions of re- 
duced aeration might also be deduced from the more rapid loss of 
\dabilily in sclerotia kept in the two wettest soils. 

In the experiments of King and Eatoh (1934), on. the other 
hand, disappearance of sclerotia through geriiiinatioii was much more 
frequent. Their ex{)€rimeitt was carried out in a cemrser-textured 
soil — Gila fine sand (saturation capacity 27% moisture) — in open 
containers ; aeration conditions were obviously much tetter than in the 
stopiiered vials used by Taobenhaus and Ezekiel. The test was 
set up in May and the sclerotia were burial in the soil inside cheese- 
cloth bags, for easier recovery, but in spite of this precaution King 
and Eaton remark: ‘'Most of the cheesecloth bs^s had become badly 
decomposed by December, and many of the sclerotia having germi- 
nated in place, it became increasingly difficult to recover the desired 
numbers for making the monthly viability tests.” Survival in air-dry 
soil was better than that in the experiment of Taobenhaus and 
Ezekiel; 15% of sclerotia were viable after 2 months, though none 
after 3 months. In the soil held at 19% saturation, 33% sclerotia 
were viable after 2 months, but none after 3. There was not much 
difference in rate of loss of germinability amongst sclerotia recovered 
from the three wettest mih, held at 37, 93, and 100% saturation; 
gemiination varied from 10 to 18% at the 12 months test. 

A comparison of the results obtained by King and Eaton with 
those of Taubenhaus and Ezekiel thus indicates the great impor- 
tance of spontaneous germination as a factor reducing survival of 
sclerotia. . The factors affecting survival of P. mmivorum sclerotia 
have been analysed with considerable ingenuity by Mitchell ei al 
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(1941). These' authors found in laboratory experiments that, the' 
percentage of sclerotia recoverable from the soil was greatly reduced 
by the addition of 3% ground organic materials, such as farmyard 
manure, cotton seed meal, cotton roots, sorghum, alfalfa or straw to 
the soil ; these reductions in numbers of sclerotia occurred chiefly in 
the first two weeks* incubation in the organic-amended soils, and hence 
coincided with the period of most active decomposition of the organic 
material Since observations made on Rossi-Cholodny slides sug- 
gested that this rapid disappearance of sclerotia was due chiefly to 
germination, an experiment was planned in which the recovery of 
germinable sclerotia was compared with that of non-germinable 
sclerotia. Two lots of sclerotia were available, viz, young sclerotia 
(80% germinable) and old sclerotia (50% germinable). Half of 
the sclerotia in each batch were killed by heating to 85° C. for 5 
minutes. Ten sclerotia were buried in each container at known loca- 
tions on glass slides, so as to facilitate recovery. The numbers of 
sclerotia eliminated from each of 5 series of soils, viz. untreated, + 1% 
superphosphate, and -f- 3% chopped green alfalfa, straw and farm- 
yard manure, respectively, are given in Table 12, which is taken from 
Mitchell et d . 

Table 12. Percentage of viable and killed scleroiia eliminated'^ from soil 
receiving different treatments: — 

Young sclerotia Old sa-ERoriA 
Soil treatment Living Killed Living Killed 

Percent Percent Percent Percent 


Untreated (check) L. ......... .. 

20 

5 

IS 

0 

Superphosphate 

.......... 5 

0 

10 

0 

Ground straw 

.......... 70 

15 

SO 

15 

Ground alfalfa 

75 

30 

40 

25 

Manure * 

75 

40 

15 

5 


From these results, Mitchell et al, concluded that germination 
was one of the factors contributing to the disappearance of the sclerotia 
in the soils treated with fresh organic material The living sclerotia dis- 
appeared much more rapidly than the killed ones, and the young ones 
(80% germinable) more quickly than the old ones (50% germinable): 
Even the killed sclerotia disappeared more rapidly from the organic- 
ameiided than from the untreated soil, however ; Mitchell et d . com- 
ment upon this as follows: ''It is not known why heat-killed sclerotia 
are more rapidly eliminated from organic-amended soil during the 
early period of incubation. It is possible that a mass-inoculation 
effect with more numerous and perhaps more diverse soil micro- 

See list of errata for volume 63, J. agric. Res., for correction of error in 
,'Original.'heading',of this Table.,.. ■■ ■ 
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organisiiis is obtained ; it is also possible that the scleroiial substance 
jreseiits a source of supply of one or more elements required during 
ilic initial clccoinj>ositioii stages of the added organic material by the 
soil inicrofiora concerned/* 

Ch.ARK ( 1942), who was one of the co*mwkers in Mitchell ei al, 
later rcjiorted further exficrsments of this type, but fiii a more exten- 
sive scale* with tlie sderotia of P. mnnipomnL In a similar but larger 
experiment coiiir>ariiig rates of clisap})€arafice of via!)le versus lieat- 
killed sderotia, conditions W'cre more favourable for decay of the dead 
sderotia tliaii for germination of the living ones; the iiiiiieiice of 
microbiological activity in accelerating disappearance of both living 
and dead sderotia was demonstrated by a comparison between rates of 
disapjxarance of surface-sterilised sclerotia buried in sterile soil, on 
the one liand, and of untreated sderotia in uiisterilised soil, on the 
other. The effect of organic materials iii accelerating rate of disap- 
pearance of viable sderotia was once again demonstrated, and was 
shown to increase with rising soil temf^eratiire, and with increase in 
nioistiire content of the soil The effect also varied with soil reaction, 
being greater in an acid-treated soil of pll 3.0 and in a limed soil of 
pH 7.9 than in the untreated soil, or in the same soil receiving smaller 
doses of acid ; the effect was more pronouncetl in sderotia buried at 
some depth in the soil than in those buried near the surface* 

These and other results obtained by Mitchell ei cil. and Clark 
help to elucidate the controlling effect of organic manures upon cotton 
root rot (King et ol., 1934a), which is especially pronounced when 
such nmniires arc applied some months in advance of sowing time 
(King, 1937). Mitchell et d, also reported a field experiment on 
land heavily infected with F. emnmorum. The usual late autumn 
ploughing in preparation for spring sowing of cotton was compared 
with deep rotary tillage carried out in early autumn (Oct, 3rd) ; of the 
three rotary-tilled areas, the first received nothing, the second farm- 
yard manure, and the third sorghum fodder. In August of the fol- 
lowing year, excavations were made under the cotton crop to determine 
the relative abundance of sclerotia in the different areas. Sderotia 
•were not found in the upper 12 inches of soil in any of the areas that 
had been rotary tilled, though they were present below the 12 inch 
level ; sderotia were abundant, however, between the 6 and 12 inch 
levels in the control area that had received the usual late autumn 
ploughing. Percentage mortality amongst the cotton plants on the 
variously tr^t^ plots is given in Table 13, taken from Mitchell ei ol. 

Sclerotia of other rooi^mfeeUng — Working' with another 
sclerotium-forming fungus, Scliroiium rolfsu, Leach and -iDavey 
(1938) obtained good correktion between numbers of viable sderotia 
and incidence of root rot in the sugar-beet crop. They found approxi- 
mately 80% of the sderotia to occur in the upper 6 inches of soil, and 
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Table 13. 

Perceniage mortality in cotton due to root rot 
(Phymatotrichum omnivorum)*. — 




Rotary 

Rotary 



Deep 

TILLAGE+ 

tillage4- 



ROTAKY 

farmyard 

SORGHUM 


Ploughed 

TILLAGE 

manure 

fodder 

Sept,. 1939 (in crop 

preceding 




. the , experiment) . 

85.3 

80.0 

96.0 

74.0 

August, 1940 

90.0 

36.3 

7.0 

20.0 

October, 1940 

94.0 

69.0 

34.0 

60.0 


less than 2% of the scierotia below 12 inches ; soil sampling for sclero- 
tia to a depth of 8 inches was accordingly considered adequate. An 
immediate practical use was found for this method of sampling for the 
scierotia of S. rolfsii, by means of which probable losses from root rot 
in the next beet crop could be predicted ; if probable loss exceeded an 
agreed level, the grower could be advised to substitute another crop 
for beet. The figures of Leach and Davey showed a comparatively 
rapid decline in the population of viable scierotia under a crop non- 
susceptible to this fungus ; numbers were commonly reduced to one 
third or one quarter of the original population in an interval of 6 
months, and in one instance numbers were reduced from 4810 in 
December to 150 (viable scierotia per sq. foot of soil to a depth of 8 
inches) in the following July. 

The formation of scierotia by Rhisoctonia solani in pure culture 
under different conditions of nutrition, temperature, atmospheric 
humidity, reaction of the medium, etc. has been studied by Tyner and 
Sanford (1935) ; the optimum temperature for sclerotial production 
was found to be 18°-21°C. which is lower than that for rate of my- 
celial advance (circa 25'’C.). Formation of scelerotia was favoured 
by high atmospheric humidity, but was not greatly reduced even by a 
humidity as low as 31 %. In respect of their toleration of desiccation, 
the mature scierotia of R. solani afford an interesting contrast to those 
of Phymatotrichum omnivorum. Thus Palo (1926) found them to 
survive for longer in air-dry than in moist soil, and Gadd and Berths 
(1928) recorded survival of scierotia stored dry in a corked tube in a 
Ceylon laboratory for 6 years. 





CONTROL OF ROOT DISEASE IN FIELD CROPS: 
CROP -ROTATION 

The iM“C)lji!eiiis of rc»t disease control in field crops are perhaps 
more interestiiiK, because more diverse, than those invoived in tlie ctil- 
ttire of eitlier plantation or glasshouse crops. In plantatiiin cropping, 
the gromTf is usually concerned with a single crop, to the needs of 
wliich evcTjihing can be sulKirdinaled, as in a factory for the mass 
production of a single article. In coinniercial glasshouse practice, 
again, the grower is often engaged in production of only a single major 
crop, or perhaps two. In field cropping, on the other hand, the farmer 
is generally concerned not only with a rotation of three, four, or more 
crops, but also ivith the maintenance of stoc.k as well Any measures 
that are suggested for control of a soil-borne disease affecting a single 
crop have therefore to considered in relation to their effect not 
only that particular crop, but also upon the other crops in the 
rotation and upon the mainteiiance of stock as well Needless to say, 
tlie farmer will adopt those control measures that involve minimum 
expense and interference with his established routine; control of soil- 
torne diseases must therefore be sought rather through improvement 
of general fanning policy than througli expensive special operations. 
Atwve all, the effectiveness of crop rotation in keeping the great 
majority of soil-borne diseases and pests within bounds must be held 
responsible for the stillbirtli of many ingenious schemes for root 
disease controL Again, whereas tlie soil and aerial environment of 
the crop can be dir^Iy controlled in glasshouse practice, in the field 
control of the crop^s environiBent must usually be indirectly sought. 

Control mcasitres employed against soil-borne diseases of field 
crops will be classified and discussed, in this and the two following 
chapters, under the following heads: — ' 

(I) crop rotation 

(ii) plant sanitation 

(ill) disease control under the growing crop. 

Crop rotation is the tmsis of root disease control for field crops ; 
plant sanitation is concerned with elimination of the parasite before 
the next su«^tibk crop is grown ; disease control under tlie growing 
crop comprises all those palliative measures designed to minimise loss 
arising from sources of infection that have escaped the sanitary 
measures. 


Crop Rotation: — ^Crop rotation is the oldest and most effective 
method of root disease control' in field crops ; its origins are a matter for 
the agricultural historian,- but its, mechanism still presents to the plant 
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pathologist some interesting problems, the existence of which has only' 
recently come to be realised. The effectiveness of crop rotation de- 
pends upon specialisation of parasitism in the soil-borne parasites, 
amongst which may be included not only fungi and a few plant-patho- 
genic bacteria, but also plant-attacking nematodes as well; the very 
primitive parasites that are not limited in this way by their host range 
are limited in other ways, and so do not seriously impair the effective- 
ness of crop rotation for root disease control. 

The efficiency of crop rotation as a root disease control measure 
may be defined as varying inversely with the length of rotation neces- 
sary to obtain adequate control of the particular disease. Adequate 
control does not imply complete elimination, but simply reduction of 
the parasite to a low level, at which it causes commercially negligible 
reduction in yield of the host crop. Rotation is most effective in con- 
trol of root diseases caused by those highly specialised root-infecting 
fungi that have only a limited power of saprophytic survival in infected 
host tissue, and do not form resting spores or sclerotia. It is much 
less effective against fungi producing resting spores or sclerotia at 
conclusion of their period of parasitic activity ; highly specialised para- 
sites of this type present the most difficult problem of all. The effici- 
ency of rotation for root disease control also decreases as the sapro- 
phytic capacity of the parasite increases ; the requisite length of rota- 
tion is inevitably prolonged by ability of such a facultative saprophyte 
to compete with obligate saprophytes for colonisation of virgin crop 
residues. Fortunately, however, this faculty of active saprophytism 
is possessed by such fungi at the expense of their parasitic capacity, 
so that these fungi are not so difficult to control as the more highly 
specialised parasites forming resting spores or sclerotia. 

Elimination of fungi surviving only as mycelium inside injected 
host tissues. — Ophioholus graminis, causing the take-all disease of 
cereals, is a fungus with a strictly limited power of saprophytic sur- 
vival, in tissues dnvaded as a parasite {see above, p. 66) ; from an 
examination of all available published evidence, Garrett (1942) has 
concluded that a one-year break under any non-cereal crop except 
pasture will give adequate control, though occasionally the disease 
may cause serious trouble in a two-course rotation such as that of 
sugar-beet and barley. Outbreaks of take-all in a cereal crop grown 
in two-course rotation are probably limited to light-textured, alkaline 
soils exceptionally favourable to underground spread of the fungus 
along the roots of the host crop ; in such soils, the small amount of 
inoculum remaining after the one-year break is much more dangerous 
than in heavier or more acid soils, in which the fungus spreads more 
slowly along the roots. As Garrett has pointed out, adequate control 
of take-all, and not complete elimination of Ophiobolus graminis from 
the soil, is the object of crop rotation; complete elimination of this 
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fiingiis from the soil is not achieved even by a two-year break under 
fallow or a nciii-sii^eptibk crop.. 

Another fungus that seems to have a strictly limited term of sur- 
vival ill tissues invaded as a jmmsite is P^erlkillmm dim-airjim. Tints 
ill fkfld experiinents on control of the potato wilt due to this fungus, 
M'cKav ( 1926) found adequate control to be given by a three-year 
rotation of pritatoes with grain and clover (49r infected tubers), 
thoiigfi not by a two-year rotation of fwitatcMis willi grain (22% in- 
fected tubers) : under continuous potatc^s, there were 34 bt infected 
tubers. In another exjitTiment, the percentages of infected tubers in 
potato crops gromui micier rotations of 1-4 years duration were 25, 21, 
1 and 0.3, res|>ectively. A rather similar range of infection was ob- 
tained by Zeller (1936) in rotations designed for control of blue, 
stripe wilt, due to V, ailm-airum, m black raspl^erries. The percent- 
ages of infected plants in rasplMUTies gromm under rotations of 1-4 
years were 38, 21, 2.5 and 1 . 0 , respectively. McKay remarked upon 
the discrepancy between his ciillura! tests for recewery of F. albo- 
afrnm from infected potato haulm buried in the soil, and the results 
of his rotation experiments; the fungus was isolated from the infected 
liaiiliiis ill May, after tliey had Iain in the soil over winter, but not in 
May of the following year. Zeller buried a nutnber of 10-indi sec- 
tions of infected raspberry canes 6 inches deep in the soil at the end of 
October, 1927, and ix^ricKlically attempted to isolate the fungus from 
each of 15 cane sections recovered from the 'soil at successive sam- 
plings, Tlie profKirtion of successful isolations varied as follows: 
February 1928 — 15 / 15 , May 1928 — 12/15, October 1928 — 6/15, 
and February 1929 — 0 / 15 , Had McKay and Zeller used the host 
plant instead of the agar plate as the ideal test for survival of F. albo- 
aimm (admittedly a difficult proposition with this fungus), the dis- 
crepancy lietween these tests and the results of their rotation experi- 
ments would probably have been diminished (see above, p. 12 ). 

EMmmaikm of fungi surviving as resting spores. — The resting 
spores of most cereal smut fungi have a relatively short life in the soil ; 
adequate control of the kernel smuts is usually provided by seed disin- 
fection, as soil contamination generally occurs only through liberation 
of spore clouds during threshing. Such soil contamination by the 
spores oiTillefm tritkiwm reported by Hongerforo (1922) to cause 
losses of as much as 85% through bunt in the Pacific Northwest of the 
U. S, A, ; losses of this order through soil infection by bunt spores are 
fortunately rate. Disappearance of fr^ and unprotected smut spores 
from the soil seems to be very rapid, wliether through germination or 
through death and decay ; spores protected by enclosing host tissues 
■ have a better chance of survival (Hakha and Popp, 1934), Whereas 
crop rotation is usually unnecessary for control of soil infection by the 
kernel smuts, it may be essential for control of the leaf smuts, because 
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infected crop residues are turned into the soil; the spores of such leaf 
smuts enjoy the protection of enclosing host tissues. Thus Urocystis 
tritici causing flag smut of wheat,, was found by Griffiths (1924) tO' 
survive for a year in a small plot originally heavily contaminated by 
the digging-in of infected wheat straw; 9/377 (2.4%) test wheat 
plants became infected. A very similar result was later obtained by 
Tisdale et aL (1927). Nevertheless, under ordinary farm practice, 
a one-year break is usually sufficient to keep the flag smut disease 
under control. 

Another parasite that persists in the soil only in the form of rest- 
ing spores, but has a greater power of prolonged survival, is Plasmo- 
diophora brassicae, causing clubroot of crucifers. Although Fedo- 
RiNTCHiK (1935) has reported that this organism survived in a heavily 
infected field for 7 years and then caused 27% infection of potted 
cabbage seedlings, this is probably an extreme case, and rotations of 
shorter duration than this period usually give adequate control of the 
disease in practice. Four-year rotations, in which cruciferous crops 
are kept off the land for three years, are sometimes adequate, but a 
five-year rotation is usually found to be the minimum that can safely 
be employed. A shorter rotation than this may appear to control the 
disease on land that carries only a small population of F. brassicae, 
but may result in a gradual accumulation of this parasite in the soil; 
this is often overlooked until a fairly serious outbreak of clubroot has 
occurred. According to Fedorintchik (1935), a high concentration 
of spores in the soil is required before severe clubbing can occur. As 
with the take-all disease of cereals, the length of rotation required to 
keep clubroot under control can probably be correlated with suitability 
of the soil f or parasitic activity ; in alkaline soil, a much higher con- 
centration of the organism is required for successful establishment of 
infection than in acid soil. 

Another soil-borne parasite perpetuated by means of resting spores 
is Aphanomyces euteiches, which causes root rot of peas. Geach 
(1936) found this fungus to survive for at least two years in pots of 
soil kept fallow and free of weeds. Field evidence at first suggested 
a much longer survival period; out of 9 fields that had not carried 
diseased peas for 10 or more years, three were f ound by Linford and 
Vaughan (1925) to be suffering from widespread and severe root 
rot. Later, however, Linford (1927), commenting upon the wide 
host range of A, euteiches, suggested that the fungus might be carried 
over these long periods in between two pea crops as a weak parasite 
on the roots of apparently resistant crops, and on those of weeds; he 
also reported a serious incidence of this disease in some crops sown on 
virginiand.' . 

Elimination of fungi surviving as sclerotia. — Cotton root rot in 
the U. S. A,, due to Phymatotrichum omnivormn, furnishes the most 
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oiitstaiicliiig example of an important rmt disease in uliidi the length 
of rolaiioii necessary for control has been correlated with longevity of 
the sclerolia in the soil (see atove., p: 77). Ratliffe ( 1SI34), Rogers 
(1937) and Rea (1939) iigr^ci that a two-year rotation exercised no 
check upon the disease at all, that a three-year roniticm reduced it 
somewhat, hut that for satisfactt»ry control a four-year rotation had 
to he followed. Even a fciiir-year rotation hy no nicans prevented the 
apf.)earai!ce of root rot, hut hy reducing the riwiiticr of plants affected, 
and esfMTially by delaying the development of the disease until later 
in the cotton season, the .tour-year rotation inarkedly reduced losses 
ill }ield clue to root rot, 

Eliminaikm of faculialim saprophytes. — Next may be considered 
those diseases caused by organisms with greater saprophytic potentiali- 
ties. Little precise information is to be foiind concerning the sapro- 
phytic life of Actinomyces scabies in the soil, but the relatively long 
rotation required for. control of potato scab suggests that the organism 
mzy survive as a .«^prophyte in the soil, indefiencleiitly of infected 
potato tissue. Goss and Afanasiev (1938) liave discussed the inci- 
dence of scab in rotation experknents carried out under irrigation in 
Western Nebraska; two-year rotations failed to rediice the disease at 
all (and indeed it was worse in such rotations than under continuous 
potatoes), a three-year rotation appreciably reduced it, and four- to 
six-year rotations gave satisfactory results, eliminating the severe 
form of scab, and giving the highest proportion of sound, unmarked 
tubers.. 

Another disease of the potato in which free sapfopliytic survival 
of the causal fungus may complicate control by rotation is stem canker 
and tii!x!r scurf, due to Rkwocionm solmi Blair (1943) has shown 
by laboratory experiments that this fungus can grow^ through un- 
treated field soil as a saprophyte, though its activity is depressed by 
addition of 1% or more of ground dried green mafiure, apparently 
through the competition of other micro-organisms belter fitted to 
attack the organic material Although the superficial tuber scurf form 
of this disease is caused by the formation of sclerotia, these bodies are 
often little more than mycelial plates, nor do they show any tissue 
differentiation; the part that they play in determining survival of 
i?* solani in the field cannot as yet be estittmted. Sanford ( 1939) re- 
marked tlmt, in some areas of Alberta, a yearns sumirier fallow gave no 
appreciable control of the tuber diseases due to R. solani and A. 
scabies. Nevertheless, Goss and Afanasiev (1938) found a marked 
reduction in incidence of tuber ^urf under two-year rotations in 
Western Nebraska, as compared with that under continuous potatoes, 
and a four-year rotation rrfuced it to a negligible miiiiimtm, Blod- 
gett (1939) reported inddance of tuber scurf in New York State to 
be markedly reduced by a- two-year rotation, as compared with con- 
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tinuotis potatoes, but it did not seem to be further .diminished by a 
five-year rotation. Goss and Afanasiev, and BmDGETT,. observed 
incidence of tuber scurf to be substantially reduced both by farmyard 
manure and by a green manure cover crop; it is tempting to correlate 
this observation with the results -obtained by Blair, but it must, be 
noted that Blodoett also found a reduction in incidence of tuber scurf 
to follow the application of an artificial fertiliser. 

The foot rot of cereals due to Fusarium culmorum is well known 
to be less amenable to control by crop rotation than is the take-all 
disease; Sanford (1939) has commented upon this fact: ‘Tor ex- 
ample, one asks why one year of summerfallow produces such a 
marked effect in reducing the damage of 0 . graminis in the wheat crop 
follomdng it, but gives much less control of H. sativum and F. cul- 
morumjf no control of Pythium sp., and in certain areas at least, no 
appreciable control of the potato diseases caused by A. scabies and 
R, solaniP An explanation of this difference in behaviour is perhaps 
afforded on the one hand by the findings of Garrett (1938&, 1940) 
concerning the limited power of survival of 0 . graminis, in tissues in- 
vaded as a parasite, and on the other by the demonstration by Sadasi- 
VAN (1939) and Walker (1941) that F. culmorum can actually in- 
vade fresh wheat straw buried in the soil, as a free-living saprophyte. 
The foot- rot of cereals due to F. culmorum is of little cosmopolitan 
importanee, as compared with the take-all disease, but in Canada con- 
ditions seem to favour the parasitism of this fungus upon wheat ; in 
combination with Helminthospormm sativum, it causes serious losses. 
In view of the widespread distribution of F. culmorum in the wheat- 
growing soils of other countries, its failure to act at all commonly as a 
serious parasite of wheat elsewhere than in Canada requires further 
investigation. ... 

For certain other root-infecting fungi, apparent survival periods of 
such length have been reported that, if the complete absence of host 
plants in the interim period can be confirmed, the parasites must be 
regarded also as saprophytes of soil inhabitant status. For example, 
Barker (1923) reported that it was frequently impossible to grow 
flax varieties susceptible to wilt {Fusarium Uni) more than once every 
10-12 years on the same land, and Melhus et al (1926) found the 
cabbage yellows organism, Fusarium conglutinans, to last for at least 
11 years in the soil; a survival period of 14 years under grass had 
previously been reported by Jones and Gilman (1915) for the same 
fungus, which was responsible for a severe outbreak of yellows in the 
first cabbage crop planted on the ploughed-up sod. It is known, 
however, that Fusarium Uni can be seed-borne, so that this may ex- 
plain the occurrences cited by Barker; Baylis (1940), reporting 
survival periods of 8 and 11 years in the' absence of flax crops in 
New Zealand, took note of this possibility of seed transmission by 
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observing that: 'The seed came from crops in which no wilt was dis- 
cernible/ and the great majority of crops raised from it showed no 
sign of the disease/’ Before such long periods of survival by a 
parasite in between one susceptible host crop and the next can be 
accepted as evidence of its capacity for indefinite saprophytic survival 
in the soil, it is necessary to exclude possibility of seed transmission. 
Again, Linford’s (1927) suggestion, made in connection with the 
long apparent survival periods of Aphanomyces euteiches, that a 
fungus may survive as a weak parasite on the roots of apparently im- 
mune crops (i,e, showing no disease symptoms above ground), or on 
those of weeds, deserves wider consideration. The need for experi- 
mental investigation to supplement such field records as those just 
cited is thus very apparent. 

Other effects of crop rotation upon survival and activity of root- 
infecting fungi, — So far, only the obvious and well-established effect 
of crop rotation upon the numbers of a parasitic organism in the soil 
has been considered; the numbers of the parasite increase with the 
frequency of host crops. Little attention has yet been paid to the rela- 
tive effect of different non-host plants upon the survival of a parasite. 
Data have recently been provided by Bose (1938) in India which 
suggest that the incidence of root-disease in a crop may be profoundly 
affected by the nature and sequence of preceding crops in the rotation, 
even though none of these crops can act as host plants to the particular 
parasite concerned. Bose demonstrated that incidence of wilt, due to 
Fusarium vasinfectum, in pigeon pea was significantly less after a 
crop of tobacco than after one of linseed or fallow. The design of the 
experiments failed to permit discrimination between the effect of the 
living roots of the preceding crops and that of the crop residues. This 
result was consistently obtained in experiments carried out in three 
consecutive seasons, and appeared both on naturally-infected plots, and 
on plots in which the natural inoculum had been artificially reinforced. 

In pot experiments, Hildebrand and West (1941) found that the 
growth and turning-under of several consecutive crops of soybeans 
markedly reduced the incidence of Ontario root rot (the etiology of 
which is still incompletely understood) in strawberries; the growth of 
red clover cover crops, on the other hand, produced no such beneficial 
effect West and Hildebrand (1941) discovered that this beneficial 
effect of soybeans in reducing root rot could be simulated by addition 
of glucose to the soil. Later Richardson (1942), working in the 
same laboratory, reported that the growth and turning-under of four 
successive crops of soybeans in pots reduced the incidence of root rot, 
due to species of Pythium, Helminthosporium, and Fusarium^ in corn 
seedlings ; a succession of red clover cover crops, on the other hand, 
produced no comparable improvement in the health of the roots of the 
following corn crop. 
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A more prolonged survival of the take-all fungus in infected -wh 
stubble in fallow soil than in soil under crop has been reported 
Garrett (1943). Eight weeks after burial of the pieces of Jj5^£ 
straw in the soil, 68% of those from the fallow soil contained ip 
mycelium of OpMobolus graminis, but only 18, 17 and 4% 
from soil under trefoil, mustard and oats, respectively. Gar 
attributed the more rapid disappearance of O. graminis from 
under crop to competition between the take-all fungus and plant 
for the limited supply of available nitrogen (see above, p. 57 \ 
suggested that this observation might explain the success * of ' 
system followed by certain English farmers for continuous I ^ 
growing. Barley is susceptible to the take-all disease, and the se 
or third barley crop on the same land is sometimes severely attack ^ 
But barley undersown with trefoil (which makes a luxuriant u 
in late summer and autumn after the barley has been cut, ^nd ‘ 
then ploughed in as a preparation for the next barley crop) 
thus far been observed to suffer from take-all To account foj. 
observation, Garrett supposed that the active growth of the lep- 


after harvest kept the available nitrogen content of the soil at a 


low level, with resulting detriment to the longevity of 0. gram^/ 
most of which was unable to survive until sowing of the new bar/'^" 
crop in the spring. 

The effects of crop growth upon the soil are many and diverse- 
one crop differs from another not only in its effect upon the micro* 
biological equilibrium of the soil, as Hildebrand and West (IpAi v 
and West and Hildebrand (1941) have so extensively ^^^ontrated^ 
but also in its demands upon reserves of plant nutrients. A particular 
crop may reduce reserves of available nitrogen, phosphate and potash 
in equivalent proportions, or it may absorb relatively greater quanti 
ties of one particular nutrient. This effect of crop 
subsequent adjustment be made by addition of artificial 
the soil, must sometimes modify the resistance of the following 
to certain root-infecting parasites (see above, p. 54). Thus 
POOL (1930-40), for example, demonstrated that the browning root 
rot of cereals in Saskatchewan, due to Pythium spp., was worse after 
fallow than after a wheat crop; he attributed this unwelcome effect 
of fallow to an increase in the nitrogen/phosphate ratio of the soil 
which apparently lowered the resistance of wheat plants to this 
disease.'' 



Chapter 10 

CONTROL OF ROOT DISEASE IN FIELD CROPS: 

■ PLANT SANITATION 

The problems to be discussed under this heading arise chiefly 
during and after harvest of a crop in which a soil-borne disease has 
been prevalent, since they concern the best method for treatment and 
disposal of infected seeds, propagating sets, and other crop residues. 
Infected seeds or propagating sets must be either eliminated or so 
treated that they do not carry infection into the next crop and per- 
haps onto ''clean” land as well. Other infected residues, of no value 
for propagation, must be destroyed at once, if possible; if not, pre- 
cautions should be taken to prevent their passive dispersal by the 
agencies of wind, water, man and his domestic animals. The gradual 
decline of a parasite when the land is occupied by non-siisceptible 
crops has just been discussed ; there remain for consideration those 
measures that can be taken to accelerate this "normal” disappearance. 

Preventing Dispersal of Parasite by Infected Seed: — The 
prevention of disease transmission by infected seed or propagating 
sets is perhaps the most important part of crop sanitation ; loss due 
to disease in a following crop, though considerable, may be negligible 
by comparison with the cumulative loss due to infection of clean land. 
The cereal smuts are the best known seed-transmitted diseases. In 
some of these, the spores are held mechanically, either adhering to 
the seed coat, as in bunt {TUletia tritici and T. levis) of wheat, or 
enclosed within the glumes, as in covered smut (Ustilago hordei) of 
barley; these diseases can be controlled by seed treatment with a 
protective fungicide, such as the organic mercurial compounds now 
widely used for this purpose. In others, such as loose smut of wheat 
{Ustilago tritici) and of barley ([/. nuda), the smut fungus is carried 
as a latent mycelial infection within the tissues of the seed, and so 
cannot be reached by surface disinfectants. The "modified liot-water 
treatment”, invented by Jensen (1888), is still used for control of 
these loose smut diseases of wheat and barley, but is not widely em- 
ployed on account of the difficulties of operation, which involve skilled 
supervision, and also because the treatment is liable to reduce per- 
centage germination of the seed. An ingenious application of this 
principle of control has been worked out by Luthra and Sattar 
(1934) for Indian conditions (Luthra, 1941), The treatment is 
carried out in June or July ; the infected seed is presoaked in water at 
indoor temperature for 4 hours from 8 a.m. to 12 noon, and is then 
taken out and exposed to the sun from 12 noon to 4 p.m. Complete 
control of loose smut has been obtained in this way, and the reduction 
in germination of the treated seed is negligible (not exceeding 2%). 
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The method is said to be applicable only to the hotter parts of the 
Punjab plains ; maximum shade and sun temperatures at Lyallpur in 
June are stated to be 49° and 5S°C (120° and 13 TF.), respectively. 
Further information concerning seed treatment may be found in the 
reviews of Leukel (1936), Cunningham (1935), and Martin 
(1940). 

Preventing Dispersal of Parasite by Infected Propagating 
Sets: — The best known soil-borne diseases transmitted by vegeta- 
tive propagation of the host plant are those of the potato. They in- 
clude wart (Synchytrmm endobioticum) , scab {Actinomyces scabies) , 
stem canker and tuber scurf {Rhizoctonia solani), and wilt {Verticil- 
limn albo-atrum^ Fusarium oxysporwm and F. solani var. eumartii). 
No effective method of tuber treatment for elimination of wart is in 
use, and the movement of seed tubers from an infected area has been 
controlled by quarantine legislation in many countries. Tuber treat- 
ment by steeping or dusting has been widely advocated for prevention 
of stem canker, black scurf and scab, but the value of such treatments 
for this purpose is often questionable. Both R, solani and A. scabies 
are widely distributed in most potato-growing soils ; the planting of 
infected ^^seed’^ must often fail to increase either the amount of disease 
in the current season's crop, or the volume of inoculum of either 
parasite left behind in the soil after lifting of the crop. i?. solani ad- 
mittedly has a considerable power of movement through the soil 
(Blair, 1943) ; its mycelium probably grows not only from the seed 
or parent tuber along the sprouts, perhaps causing stem canker, but 
may also extend directly through the soil to the later-formed daughter 
tubers, there to cause the black scurf form of this disease. 

Actinomyces scabies, on the other hand, appears to possess little or 
no power of free movement through the soil, as demonstrated by 
Sanford (1933) in a masterly experimental analysis of the argu- 
ments for and against seed tuber treatment for control of scab. San- 
FORD^s experiments may be summarised as follows: (i) four tuber 
steeps, viz, hot formaldehyde, cold formaldehyde, mercuric chloride 
and a proprietary compound, failed to reduce incidence of scab on the 
crop in a field experiment, nor was scab increased by the use of plant- 
ing sets almost covered with scab lesions, (ii) when sets were coated 
with a virulent agar culture of A, scabies, only a slight increase of scab 
occuri'ed on the daughter tubers as a result of this, and then only on a 
few of the tubers that grew very close to the inoculated planting set, 
(iii) when planting sets were surrounded by a culture of A. scabies on 
sterilised soil, only that part of any daughter tuber which grew actu- 
ally into the soil inoculum was covered by scab, (iv) in sterilised soil, 
A, scabies grew vigorously almost in contact with potato cores treated 
with the diflferent protective steeps and dusts. Sanford therefore 
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concltided that tuber treatments, whether or not they reduced the 
amount of A. scabies inoculum persisting in the soil from the original 
planting set, certainly failed to decrease the incidence of scab in the 
current season’s crop* 

An interesting study of the transmission of VerticiUmn albo-atrmn 
to the tubers, and of the spread of this parasite under the growing 
crop, has been made by McKay (1926), who showed that inspection 
of seed tubers was of little value as an aid to detection of infected ones ; 
separation of tubers with discoloured stem ends, and discarding of 
Stem ends in cut seed tubers alike failed to eliminate carry-over of in- 
fection in the seed tubers. McKay therefore concluded that rogueing 
of the parent crop in the field was the only effective way of reducing 
‘"seed” transmission of this wilt disease to negligible proportions. 
Periodic rogueing of wilted plants (Le, those showing above-ground 
symptoms), alone, was insufficient, since by the time such individuals 
had become obviously diseased, the neighbouring plants on either side 
of them in the row had usually contracted the infection as well. 
McKay therefore recommended ‘^three-plant rogueing”, whereby the 
wilted plant was removed together with the two adjacent plants in the 
same row, at periodical crop inspections throughout the growing 
season. In one experiment, where the percentage of visibly wilted 
plants was 22, single-plant rogueing reduced the percentage of infected 
tubers to 8.4, and three-plant rogueing to 3.2. From the data obtained 
in these experiments, however, McKay concluded that infected tubers 
could be eliminated from the crop as effectively by marking the plants 
for elimination, and digging separately at harvest, as by pulling them 
when first seen ; even three-plant rogueing failed to reduce spread of 
the disease to the second plants away from the wilted one in the row. 

Destruction of Other Infected Crop Residues : — One of the 
simplest and most effective methods for disposing of infected aerial 
parts of diseased cereals is to fire the straw after harvest, a procedure 
that has been followed for many years in Australia for control of the 
take-all disease (McAlpine, 1904; Griffiths, 1933); this pro- 
cedure also eliminates plant material infected by the flag smut organ- 
ism, Urocystis tritici (McAlpine, 1910)1 In the past, Australian 
wheat has usually been harvested by the “stripper”, which removes 
the heads alone, leaving the long straw standing ; the straw never fails 
to burn well after the hot, dry summer, and the basal infected part of 
the stubble is usually completely destroyed. Although O. graminis 
continues to survive in the infected root and crown left behind in the 
soil, this source of infection is generally less massive, and therefore 
likely to disappear more quickly, than the infected base of the straw. 
Nevertheless, this practice of firing the straw is to be deprecated ex- 
cept when dealing with extensive infections, since the rapid depletion 
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of the soil liiiintis is likely to lead to serious soil erosion in countries 
with a climate like that of Australia. 

Extraction of infected crop residues from the soil, either by hand 
labour or by iiiadiine, is a measure deserving some consideration. ■ No, 
such expedient seems to have been tried out against any of the impor- 
ta,nt soil-borne diseases due to fungi; in the Anglo-Egyptiaii' Sudan, 
however, the carry-over of the leaf curl virus of cotton from one sea- 
son to the next has apparently been prevented by hand-pulling (after 
harvest) of the plants, which are ^^yanked’’ out of the ground by an 
ingenious implement devised by Massey (1934). Treatment of the 
soil by fungicides might seem to be the obvious method for destroying 
infected crop residues, but this expedient is rarely economically sound 
for field crops, although soil sterilisation by heat or by chemicals has 
become a routine practice in intensive glasshouse culture (see chapter 
15). 

Preventing Dispersal of Parasite by Other Agencies: — 
Dispersal 'by mwd. — Wind dispersal of fungus spores and in- 
fected plant debris is probably of less importance than was formerly 
supposed. Wind-borne fragments of infected wheat straw and dried 
grass haulm carrying Ophiobolus graminis wevt thought by Mc- 
Alpine (1904) to be reponsible for spread of the take-all disease in 
Australia, and Samuel (1924) has described an apparent instance of 
such dispersal; nevertheless, Fellows and Ficke (1939) tried ex- 
perimentally to simulate such natural dispersal of infected soil by air 
and water in Kansas, and concluded that spread of 0. graminis in this 
way must be slow and uncertain. Infection of roots by spores often 
fails to occur in the absence of a food-base {see above, p. 29), though 
provision of a food-base external to the fungus may be unnecessary 
in the event of a '‘mass-infection” by a number of spores simultane- 
ously ; the aggregate reserves of a sufficient number of spores pre- 
sumably provide a food-base adequate to sustain the fungal invasion 
and establish infection in spite of host resistance. Now mind-dis- 
persal must eliminate opportunity for mass-infection by fungus spores. 
The efficiency of spores in transmission of disease with the seed of 
many species of plant may be attributed in part' to the occurrence of 
mass-infection; thus Heald (1921) demonstrated a relationship ■ be- 
tween the spore-load of contaminated wheat seed and percentage of 
bunted heads in the resulting crop. Similarly,' Seen (1940) demon- 
strated that the percentage incidence and .the severity of seedling blight 
due to Fiisarhiui culmonim in wheat seedlings depended upon the 
spore-load of the seed. 

The most convincing argument against wind as an important 
agent for dispersal of soil-borne parasites is the efficiency of crop 
rotation in controlling these parasites; although instances of failure 
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to achieve control of root disease by crop rotation are known 
above, p. 83), there is little evidence to suggest that such failures are 
at all frequently due to wind dispersal of the parasite. The best- 
authenticated example of air-borne contamination of soil is that 
afforded by bunt of wheat. Infection via the soil is especially impor- 
tant in the Pacific Northwest of the U. S.' A., according to PIeald 
(1932), for the following reasons: Winter wheat in the Pacific 
Northwest is generally sown on summerfallow ; crops mature earliest 
in the western or southwestern part of the area, and the "'smut 
shower’’ released by threshing of these early-maturing crops is carried 
by the strong prevailing westerly winds over the summerfallows of 
the rest of the Pacific Northwest area. The summers are exception- 
ally dry with little or no rainTn July and August to cause germi- 
nation of the bunt spores that have fallen on the fallows; the autumn 
temperatures at and shortly after sowing time are favourable for in- 
fection of the winter wheat seedlings by the bunt fungus. 

Dispersal by water, — The contamination of water supplies by 
the spores of parasitic fungi was investigated by Bewley and Bubdin 
(1921), who found surface water such as that from ponds and brooks 
to be much more heavily contaminated than Company's water or that 
from deep artesian wells. CuRZi (1927) found that Phytophthora 
hydrophila, causing root rot of chilli peppers in Italy, was spread by 
water ; a single irrigation was said sometimes to result in the com- 
plete destruction of the crop. For the control of a similar disease 
(here attributed to F. pdmivora var. piperis) of chillies in Batavia, 
Muller (1936) recommended that a network of shallow trenches 
should be dug, with water pits at intervals to prevent the rain water 
running off over the surface. If infection occurred in one of the 
squares isolated by the trenches, the soil and diseased plants were to 
be watered with 1% solution of copper sulphate, and weeding tem- 
porarily discontinued. Crawford (1934) has commented upon the 
spread by irrigation water of the Fusarium annuum wilt of the same 
crop in New Mexico. Thung (1932, 1938) found Phytophthora 
parasitica var. nicotianae^ the agent of black shank of tobacco in Java, 
to be carried by water from old tobacco fields, manure heaps, and cur- 
ing bams.^ The movement of water in erosion and drainage from 
infected upper levels was considered by King et al (1943&) to result 
in the infection of lowlands and deltas by Phymatotrichiim omnivorum, 
Peltier (1937) repeatedly observed that when root rot occurred near 
the headwaters of a stream, it was usually distributed throughout the 
drainage basin, and that the incidence of the disease increased at the 
lower levels. Hewitt (1934) has made a similar observation on the 
spread of Armillaria mellea. The dispersal of sclerotia of Sclerotinia 
sclerotiorum by irrigation and flood water has been noted by Brown 
and Butler (1936) in thdr study of lettuce ""drop” in Arizona. 
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The importance of the passive spread of pathogenic fmigi by water 
movement has thus been well established. Active spread by free- 
swimming zoospores oi Phycomycetes and Myj^omycetes is probably 
of negligible importance as far as actual dispersal is concerned. Thus 
Haenseler (1926) found that zoospores of Aphanomyces euteiches 
were apparently incapable of migrating even half an inch in the soil, 
so that practically no spread of the disease in this way occurred in his 
experiments. , 

Dispersal by cultivation operations and farm movements, — In- 
fected soil may be carried on the feet of farm labourers, and on those 
of draught animals and stock, as well as on implements. Such methods 
of spread have been cited, for example, by Gibbs (1931a) for the 
spores of Plasniodiophora hrassicae on New Zealand farms, and by 
Brown and Butler (1936) for the sclerotia of Sclerotinia sclero- 
tiorum in Arizona. 

Dispersal by feeding diseased plant material to stock. — The feed- 
ing of diseased roots to stock was shown by Gibbs (1931^?) to con- 
stitute another mode of dispersal of Plasmodiophora hrassicae. Brown 
(1937) found Sclerotinia sclerotiorum to be spread in Arizona by 
feeding farm animals on infected lettuce refuse; on the other hand, 
sheep and other stock could be made to further the ends of plant sani- 
tation by folding them on the infected plants after harvest, and quar- 
antining them for four days, the maximum period for evacuation of 
living sclerotia^ Me Alpine (1910) condemned the practice of feed- 
ing farm horses on wheat hay infected with flag smut ( Urocystis 
tritici)^ and Clayton (1925) attributed the rapid spread of the 
disease in New South Wales to neglect of this advice, having shown 
that viable spores of U. tritici are voided in horse dung. In South 
Africa, VERWOEim (1929) succeeded in obtaining some 45% infection 
of test wheat seedlings not only with freshly voided horse dung, but 
also with the same dung when tested again the following season; sheep 
dung was also demonstrated to act as a vehicle for living spores of 
U, tritici. 

Dispersal in compost. — • The compost heap has often been indicted 
as a source of infection, whereby root-infecting fungi may be dis- 
tributed over clean land. The high temperatures developing in a 
properly made compost heap must, however, be lethal to the mycelium 
and spores of many plant parasites. Thus Grooshevoy and Levykpi 
(1940) reported that compost heaps prepared for tobacco seed-beds 
developed internal temperatures of 49®-63®C,, which proved fatal 
both to the chlamydospores of Thielaviopsis basicola and to the pseudo- 
sclerotia of Rhizoctonia sp. Moreover, only a very small minority 
of the root-infecting fungi are sufficiently vigorous saprophytes to 
spread actively through a compost heap, in face of the competition of 
obligate saprophytes. An example of such a one has been given by 
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Thompson (1940), who. declared that compost heaps in Malaya were 
sometimes heavily ' contaminated with Sclerotium rolfsii, and that the 
use of compost carrying this organism had been tlie cause of loss 
amongst ornamental plants in gardens. 

Accelerating “NaturaF^ Disappearance of Parasite from 'the 
Soil: — There remain for discussion those procedures whereby the 
normal rate of disappearance of a parasite from the soil under fallow 
or a non-susceptible crop can be accelerated by the farmer. Some field 
crop plants, for instance, do not die after flowering and fruiting, with 
the result that a root disease fungus may continue to survive and even 
to spread on the still living roots after harvest. Thus Taubenhaus 
and Ezekiel (1930&) demonstrated the survival and spread of Phy-^ 
matotrichum omnworum throughout the winter on living cotton roots, 
long after the tops of the plants had been killed by frost, Rea ( 1933) 
reported that winter cultivations reduced the number of live, over- 
wintering cotton roots, but that reduction in this source of inf ection 
alone failed to reduce appreciably the incidence of root rot in the fol- 
lowing season. 

In general, the period of survival of a root-infecting fungus in the 
interval between susceptible host crops is likely to be most brief under 
those conditions most favourable for its vegetative activity, and there- 
fore least favourable for dormancy. Under such conditions, resting 
spores and sclerotia are likely to germinate more freely, and mycelium 
in infected tissues more quickly to exhaust the food reserves of the 
substrate. Thus Bremer (1924) considered that, in the absence of 
host plants, Plasmodiophora brassicae was likely to survive for longest 
in alkaline soils, which inhibited spore germination ; in alkaline soils, 
moreover, the spores were most resistant to the lethal action of mer- 
curic chloride or high temperatures. Garrett (1938&) and Fellows 
(1941) concluded that the period of survival of Ophiobolus graminis 
in infected host tissues was shortest in warm, well aerated and moist 
soils, i.e, under just those conditions optimum for vegetative activity. 

Methods most likely to be of use in hastening the disappearance 
of a root-infecting fungus from the soil in the absence of host plants 
may be listed under three heads : (i) cultivation, (ii) organic manuring, 
(iii) use of selected rotation crops or catch crops. Several experi- 
ments on the value of cultivation for eradication of Phymatotrichum 
omnivorum have been carried out; results obtained by Rea (1933) 
and Ratliffe (1934) were not encoui-aging, but Streets (1937) 
and Rea (1939) have since quoted more promising results, especially 
from deep subsoiling. Streets drew attention to survival of P, omni- 
vorum below cultivation depths as one of the reasons for the limited 
success of cultivation in eradicating the fungus, and Rea connected 
the greater success of modern trials of deep tillage with the more 
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powerful implements employed. Mitchell et al (1941) obtained 
encouraging results from rotary tillage early in the autumn after cot- 
ton harvest, as compared with the usual late autumn ploughing ; in the 
following August, sclerotia were abundant between the 6 and 12 inch 
soil levels of the ploughed plot, but absent in the upper 12 inches of 
soil in all the rotary-tilled plots. This reduction in sclerotial popu- 
lation was associated with reduction in the incidence of root rot in the 
cotton crop; incorporation of farmyard manure or sorghum fodder 
with the soil by means of the rotary cultivator still further reduced 
losses from root rot {see above, p. 80). 

Mitchell et a!,, and Clark (1942), by demonstrating that dis- 
appearance of the sclerotia of P. omnivorum was greatly stimulated 
by the addition of organic material to the soil, helped to explain the 
control of cotton root rot through organic manuring reported by King 
et aL (1934a), King^'s success with this method in Arizona, as com- 
pared with its failure in Texas (Rea, 1939), may be attributed in 
part to the difference betw’’een irrigation farming in Arizona and dry- 
land farming in Texas, and in part to the special methods for timing 
and placement of the application recommended by King (1937): 
‘The method consists of applications of various organic materials 
in deep furrows during the fall and winter, and in planting the cotton 
over the buried material. The furrows for the manure should be from 
10-14 inches deep, so that the buried material will not interfere with 
the preparation of a seed-bed. ... It has been found that as much as 
20 tons of horse or cow manure from corrals or open stalls per acre 
may be used without injury to the cotton crop. However, 15 tons per 
acre probably would be adequate for most conditions. Where green 
material such as freshly cut alfalfa, clover, field peas, vetch or mustard 
is available, 30 tons per acre may be used if furrows are made deep 
enough so that the material may be covered with 5 or 6 inches of 
soil ... Irrigation water should be applied immediately (i.e. after 
covering) so as to compact the soil and encourage the activity of or- 
ganisms for decomposition. If possible, the organic material should 
be applied, covered, and irrigated at least a month before planting 
time, and a second irrigation should be made before planting to ensure 
adequate moisture for germination of the cotton seed.’^ 

Evidence for the view that rotation crops non-susceptible to in- 
fection by a particular parasite may yet affect the period of its sur- 
vival has already been discussed (p. 88). Germination of the resting 
spores and sclerotia of root-infecting fungi may sometimes be stimu- 
lated by contact with the roots of plants other than their host plants 
(Noble, 1924) ; search for such plants- seems to offer a promising line 
of investigation. 
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CONTROL OF ROOT DISEASE IN ' FIELD CROPS : ■ 

■ DISEASE CONTROL UNDER THE GROWING ^ 

CROP 

In chapters 4-6, variation in the incidence of soil-borne diseases 
was analysed as far as possible, and related to variation in the com- 
ponent factors of the soil environment, viz, temperature, moisture 
content, texture, reaction, organic content, and concentration of plant 
nutrients. This chapter, will be concerned with the practical appli- 
cation of such information ; control measures will be discussed under 
the following heads : — 

(i) mechanical methods 

(ii) amelioration of soil temperature 

(iii) management of soil moisture content and aeration, and variation in depth 
of planting 

(iv) modification of soil reaction 

(v) use of organic supplements 

(vi) application of artificial fertilisers. 

Mechamcal Methods; — Mechanical methods have attained 
their greatest development as measures for control of root disease in 
plantation crops, and have thus far found few applications in field crop 
practice. Some use has been made of mechanical barriers for delimit- 
ing the spread of Phymatotrichmn omnivorum into clean areas, by 
means of trenches filled with mixtures of soil and heavy oils, sulphur, 
ammonia, carbolic acid or salt, both in Texas (Taubenhaus and 
Ezekiel, 1931) and in Arizona (Streets, 1937). Quite a different 
type of barrier was developed in Texas by Taubenhaus and Ezekiel 
(1931), who found that 4-12 rows of sorghum stopped the spread of 
P. omnivorum; the roots of the sorghum prevented those of the cotton 
on either side of the barrier from making contact with one another. 

A direct mechanical effect of inter-row cultivation of potatoes in 
breaking root contacts between adjacent rows of the crop was sug- 
gested by McKAy (1926) as the reason for failure of Verticillimn 
albo-atrum to spread from one row to another during the growing 
season, though it spread freely along the rows, as far as the second or 
third plant away from the one first showing wilt symptoms. McKay 
suggested that the practice of planting in check rows, so as to permit 
of cultivation in either direction, would probably prevent the spread 
of this disease, and that this procedure might eliminate the necessity 
for '^three-plant rogueing” in crops intended for "seed’' production. 

Amelioration of Soil Temperature; — Control of soil tempera- 
ture cannot be directly secured in the field as it can in the glasshouse, 
but the range of temperature under which the crop develops can be 
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varied to some extent by alteration in planting date. Information 
concerning the optimum temperature for the development of particular 
soil-borne diseases and the safest time for planting of the host crops 
concerned is given above in Chapter 4. 

An interesting new method of root disease control, apparently 
achieved through reduction of soil temperature, has been independently 
reported by Vasudeva and Ashraf (1939) in India, and by Hans- 
ford (1940) in Uganda. Vasudeva and Ashraf, investigating the 
Indian root rot of cotton, which is caused by Rhkoctonia solani and 
J?. bataticola, found the optimum temperature for disease develop- 
ment in Wisconsin-type soil temperature tanks to be rather high; 
seedling mortality due to R, solani was highest at 3S°C., and that due 
to i?. bataticola at 39° C. In a mixed crop of cotton and sorghum, 
the deaths of cotton plants from root rot were significantly fewer than 
those in cotton alone. Vasudeva and Ashraf attributed this re- 
duced mortality to the shading effect of the sorghum in lowering soil 
temperature ; the humidity of the air was higher in the mixed crop, 
but no consistent increase or decrease in soil moisture content was 
found. Vasudeva (1941) later reported further experiments con- 
firming and amplifying these results. Whereas sorghum tended to 
reduce the yield of cotton in mixed cropping even on heavily infected 
land, the growth of ''moth” (Phaseolus aconitifolius) in between the 
cotton rows not only reduced the mortality in the cotton from more 
than 50% in the pure stand to a negligible percentage in the mixed 
crop, but also significantly increased the yield of seed cotton. Soil 
and air temperatures were lower in the mixed crop, and humidity was 
higher, than in the pure cotton. In a mixed crop of cotton and 
'^swank” {Panicum colonum)^ in which the "swank” got a poor start, 
soil and air temperatures were no lower than those in the pure cotton 
plots; nevertheless, mortality due to root rot was significantly lower 
in the mixed crop than in the pure stand of cotton. Vasudeva there- 
fore concluded: "Temperature may be an important factor, but it is 
likely that some other factor also comes into play which helps in re- 
ducing the incidence of the disease, as in the case of swank where the 
temperature w^as not materially affected in the mixed crop but the 
incidence of the disease was reduced.” One such "other factor” that 
is likely to operate in reducing mortality due to disease in a mixed 
crop (where the plant used for inter-cropping is immune to infection) 
is the interruption of root contacts between susceptible plants by the 
roots of immune plants. 

Hansford (1940) reported a similar result obtained by J. D. 
Jameson in field experiments on the wilt disease of cotton (more 
than 90% of which was attributed to VerticilUmn dahliae, and the 
remainder to strains of the Elegans section of the genus Fusarium), 
carried out at Bukulasa Station in Uganda. The incidence of wilt 
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was diminislied both by reduemg the distance between the cotton 
rows,, and by interplanting with groundnuts or beans. The effect 
was attributed to lowering of the soil temperature, which was stated 
to vary at Bukulasa from 76®-86^F. (24'^-30®C.). In the Eastern 
Province of Uganda, on the other hand, where mean soil temperatures 
were higher than at Bukulasa, the wilt disease tended to be more prev- 
alent under shade. 

Management of Soil Moisture Content and Aeratio.n, and 
Variation in Depth of Planting: — The incidence of a root disease 
favoured by high soil moisture content can often be reduced by atten- 
tion to field drainage. A reduction in moisture content of the soil 
around the roots and base of the plant, with beneficial results in dimin- 
ishing the incidence of a soil-borne disease, can sometimes be secured 
by planting crops ''on the ridge'’, as ad%"ocated by Coons et a!, ( 1941) 
for control of black leg (species of Pythimn, Rkkactonia, and Aphano-- 
myces) in sugar-beets, and by Garcia (1933) for control of wilt 
(Fusarium annuum) in chilli pepper. 

Crops grown under irrigation form an exception to the general 
rule that soil moisture content under field crops cannot be varied ex- 
cept by indirect methods. More diseases , u nfortunately , see m to be 
favoured by high soil mois ture content than are favoured by low soil 
moisture content, so tliat tlFgroweiTndfe“of!^T^u^^ 
disSiFEy^abstention rather than by exercise of his advantage over 
nature. A notable exception is offered T>y the cereal smuts, the con- 
trol of which under irrigation has recently been investigated with 
conspicuous success by Jones and Sbif-el-Nasr (1940). As a brief 
account of cereal cultivation under irrigation in Egypt is necessary 
for comprehension of these results, that given by Jones and Seif-el- 
Nasr is quoted; “Wheat and barley under perennial irrigation in 
Egypt are either planted by the herati method of broadcasting seed on 
moist land and ploughing it in, or else by the a fir method of broadcast- 
ii^ on dry land, harrowing in the seed wdth a baulk of wood and irri- 
gating. . , . Examination of pairs of wheat fields in which all other 
factors were said to be the same, but in which both methods of planting 
were used, showed that herati-soMf^n plots consistently gave more flag 
smut than aj?r-sown plots. Later experiments showed that there was 
two to three times more flag smut in herafi-sown plots, and similar 
tests with barley proved that the herati plots were six times more 
heavily attacked by covered smut than the a fir plots, thus explaining 
satisfactorily the result. Later still, it was found that bunt of wheat 
and grain smut of millet and broom corn were almost equally sensitive 
to difference in method of planting. . . . The most obvious difference 
between the herati and afir methods of planting is in soil moisture, the 
herati plots being only moist enough for good ploughing, while afir 
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plots, being irrigated immediately after sowing, are wet. A second 
difference lies in the depth at which the seed is planted. In herati 
plots the seed is covered with a plough set at 1245 cm. depth, so that 
the seed is buried at any depth between the surface and the plough 
sole: seeds which happen to be left near the surface fail to germinate 
owing to lack of moisture, while the most deeply buried seeds germi- 
nate poorly, so that the average depth of effective planting is about 8 
cm. In the afiir plots the seeds broadcast on the surface are covered 
by harrowing with a wooden baulk while the land is dry, and are thus 
buried only about 4 cm. deep before they are irrigated.'’ 

Jones and Seif-el-Nasr proceeded to determine the reasons for 
this difference in incidence of cereal smuts under the afir and herati 
methods of sowing, by comparing the incidence of smut in plots sown 
under moist and wet conditions, and at 4 depths of planting, 0.5, 
4, 8 and 12 cm. The moisture content of the ‘‘moist" soil corre- 
sponded to that of the herati plots, and the moisture content of the 
“wet" soil to that of the afir plots. Experiments were carried out 
with the diseases caused by four smut fungi, vis. flag smut ( Urocystis 
tritici) and bunt {Tilletia levis) of wheat, covered smut (JJstilago 
hordei) of barley, and grain smut (Spacelotheca sorghi) of millet and 
broom corn. The effect of higher moisture in decreasing the inci- 
dence of smut was consistent throughout the experiments, all diseases 
behaving in the same way. The effect of depth of planting was still 
more pronounced, and almost as consistent ; the percentage of smut 
increased with depth of sowing, presumably (as Jones and Seif-ee- 
Nasr suggested) because the period during which the host was sus- 
ceptible to infection was thereby prolonged. The only exceptions 
to this rule were afforded by the incidence of bunt of wheat at 12 cm. 
depth in wet soil, Which was less than that at 8 cm. depth, and by the 
incidence of grain smut of broom corn, which decreased as depth of 
sowing increased from 4 through 8 to 12 cm. In explanation of these 
exceptions, Jones and Seif-el-Nasr suggested that under the con- 
ditions of deep planting in wet soils the smut fungi tended to become 
destructively parasitic, and to kill the infected seedling below ground ; 
the apparent percentage of infected plants, as determined by counts at 
harvest, would in this way be diminished. Nevertheless, infection by 
all the smut fungi concerned in these experiments is favoured by good 
soil aeration, as shown by the consistently higher incidence of infec- 
tion in the moist as compared with the wet soils ; it seems possible, 
therefore, that in the wet and less well aerated soil the advantage 
offered to the fungus by deeper sowing, through prolongation of the 
susceptible period of the cereal seedling, might be more than offset by 
the disadvantage to it of further reduction in oxygen supply. 

These exceptions, however, are of minor practical interest ; the ex- 
tensive data collected by Jones and Seif-el-Nasr in these experi- 
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ments indicate that the advantage of the afir over the herati method of 
sowing in smut control is to be attributed both to the shallower sowing 
and to higher soil moiifture content during the pre-emergence period. 
As Jones and Seif-el-Nasr have pointed out, the logical extension 
of the afir method of planting for better control of smut is “mud sow- 
ing” at zero depth and maximum soil moisture ; this could be practised 
on land prepared either as ior herati or as for afir planting. Results 
obtained by Jones and Seif-el-Nasr in two experiments to compare 
the effect of different methods of planting on the incidence of flag 
smut in wheat are given in Table 14. 


Table 14. Effect of ptaniing method on incidence of flag smui (Urocystis tritici) in wheat: — 





Soil condi- 





Approx. 

tion AND PER- 





RESULTANT 

CENTAGE MOIS- 





DEPTH OF 

TURE* AT SOWING 

Flag smut(%) 

■ Planting 

CULTITRAL 

SOWING 

. DEPTH AND AT 



METHOD 

OPERATIONS 

(cm.) 

SOWING TIM.S 

Exp. 1 

Exp. 2 

Herati 

Seed broadcast on 

8 

' Moist, 2S% 

S.l 

' 8.6 


moist soil and 
ploughed in 





Afir (usual) 

Seed broadcast on 

4 

Dry then wet. 




dry soil, harrow- 
ed in with a baulk 
and irrigated 


8 then 32% 


'3.2 

Afir 

Seed broadcast on 

2.S 

Dry then wet, 



(modified) 

dry soil, covered 
by raking, and 
irrigated 


. 8 then 32 % 

2.4 


Mud sowing 

Moist soil ploughed 

Nil 

Sodden, 41% 

0.2 


(method 1) 

and flooded : seed 
broadcast on sur- 
face 1 hr. later 





Mud sowing 

Dry soil flooded: 

Nil 

. Sodden, 41% 


0.08 

(method 2) 

seed broadcast on 






surface 1 hr. later 

* Approximate mean percentages of weight of the moist soil. 

Concerning the very satisfactory control of flag smut obtained 
through mud sowing, Jones and Seif-el-Nasr declared that method 1 
appeared to promise increased yields and better quality of grain, apart 
from the control of smut, and that there was no sign of increased 
tendency towards lodging, as might perhaps have been expected. 
This method should be particularly valuable for control of flag smut 
in Egypt, where infection, as in other countries, is soil-borne as well 
as seed-borne (Jones and Seif-el-Nasr, 1939). 

The method of preparing the seed-bed has also a most important 
influence upon the occurrence of the take-all {Ophiobolus graminis) 
disease of cereals, which is encouraged by loose, badly compacted 
soils; control must therefore be sought through preparation of a 
particularly firm seed-bed for wheat. Such a seed-bed is best secured 
through early preparation and sufficient working at the correct times, 
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SO that the tinderlayers of the soil become consolidated by the joint 
action of implements and the weather; the consolidating effect of rain 
has been particularly stressed. A poor seed-bed, on the other hand, 
results from too late and hasty a preparation, when a tilth has to be 
“forced” by the use of implements, instead of maturing with time 
and action of the weather. In the same way, the ploughing-in of long 
straw or dry grass, which opens up the soil, or dry ploughing and 
working of the land, which produces a similar effect, has been found 
to encourage the disease. 

Modification of Soil Reaction: — Control of the clubroot dis- 
ease of crucifers by application of lime is too well established to 
require detailed comment. For this purpose, the oxide and hydroxide 
of lime are much more effective than the carbonate, with which dis- 
appointing results have frequently been reported. Thorough incor- 
poration of the lime with the soil down to ploughing depth is obviously 
essential for complete control of this disease; for this reason, the lime 
is best applied a year or so before the cruciferous crop is sown. The 
widespread adoption of lime for control of clubroot owes much to the 
fact that liming of acid soils greatly increases the yield, and often the 
quality, of the majority of field crops, apart from control of clubroot. 

In contrast to the general employment of lime against clubroot, the 
adoption of sulphur as a soil-acidifying agent for control of such 
diseases as Texas root Tot of cotton, scab of potatoes, take-all of 
cereals, and black root rot of tobacco has scarcely left the experimental 
stage. The acidification of neutral soils by addition of sulphur is 
likely to lower the yield of many crops; on highly alkaline soils, such 
as those of arid regions (and especially soils under irrigation), the 
application of sulphur may improve crop growth by decreasing soil 
alkalinity, but the cdst of the very heavy applications of sulphur neces- 
sary to produce this effect is likely to be too high for commercial 
farming. Although soil acidification with sulphur cannot as yet be 
recommended as a practical measure for control of these diseases, 
useful cautionary advice can be given to farmers on slightly acid or 
neutral soils, to be careful in the use of lime, and preferably to 
leave the soil with a slight lime requirement. 

Use of Organic Supplements.: — The control of cotton root rot 
in Arizona through application of organic manures to the soil has 
already been discussed (pp. 53, 79, and 97). The control of potato 
scab by green manuring is sometimes extremely successful, especially 
in private gardens and on small-holdings where grass cuttings, etc., 
can be incorporated with the soil in amounts that would be quite 
impracticable in the field. In the field, indeed, green manuring is by 
no means always successful in controlling scab, as Sanfokd (1939) 
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has observed. • In pot experiments demonstrating the control of scab 
and other diseases by organic manuring, the green manure has usually 
been dried and ground, so that incorporation with the soil has been 
very uniform ; in small plot experiments, the green manure has usually 
been chopped up with a chaff cutter, for the same reason. When 
green manuring is practised in the field, however, the organic material 
is usually ploughed into the soil in swathes, so that the resulting 
mixture of soil and organic material is far from homogeneous ; a more 
uniform and thorough incorporation can be achieved by means of the 
rotary cultivator. For the cotton crop, King (1937) has ingeniously 
surmounted this difficulty by planting the cotton rows right on top 
of the trenches in which the fresh organic material has been buried. 

Even the most sanguine investigator should not be surprised, 
therefore, if the history of his pot experiments fails to repeat itself 
in the field. The slow progress made by such comparatively new 
methods as organic manuring for control of root disease in field crops 
is not surprising ; wherever possible, the farmer achieves a satisfactory 
degree of control through crop rotation, modification of cultural prac- 
tice, and application of artificial fertilisers. 

Application of Artificial Fertilisers: — The effect of the con- 
centration of plant nutrients in controlling or aggravating incidence 
of soil-borne diseases has already been discussed in chapter 6 (p, 54 
et seq,), and little more need be added here. Recommendations to 
apply artificial fertilisers to assist in root disease control are more 
likely to be adopted by farmers than most other suggestions made by 
plant pathologists, because an increase in crop yield can usually be 
guaranteed even in the absence of disease. 
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CONTROL OF ROOT DISEASE IN PLANTATION 
CROPS: ON VIRGIN AREAS 

Any discussion of root disease in plantations must be concerned 
chieiy with the diseases of tropical crops ; root disease is of greater 
importance in tropical plantations than in those elsewhere. The root 
diseases of rubber have received the greatest attention, followed by 
those of tea and cacao ; the banana suffers from only one root disease 
of any importance, mz, Panama disease, but that one disease has 
caused, and is continuing to cause, enormous losses. An outstanding 
contribution to our knowledge of the subject has been made by the 
Rubber Research Institute of Malaya, and the principles of root 
disease control that they have formulated are of general application 
to plantation crops. No apology need be made, therefore, for con- 
centrating attention upon the root diseases of tropical crops in general, 
and upon those of rubber in particular. 

Tropical plantations are generally established, in the first instance, 
upon the site of virgin jungle, which has to be cleared to a greater or 
less extent before the crop can be planted ; various root disease fungi 
occur throughout the root network of the original jungle, and some of 
these find congenial hosts in the plants of the young crop. The 
simplest solution of the root disease problem is to place the cleared 
area tinder annual field crops, which are not susceptible to tree root 
diseases, for a period of years, but this method has never found favour 
with plantation owners, on account of the long delay involved. Thus 
Mapper (1934) commented upon the absence of root disease in 
rubber planted on land cropped for long periods after clearing with 
sugar-cane, rice, etc., and also upon the slight amount of root disease 
to be found on the average small-holding, A specific example has 
been cited by Sharples (1936) : ‘^Tapioca was extensively cultivated 
before the rubber era in certain districts in Malacca and Kedah. 
These old tapioca areas were allowed to become derelict, in some cases 
for many years, after being abandoned, and they became covered with 
a heavy, coarse growth of dallang' grass (Imperata arundinacea 
Cyrillo). Many of these areas were later planted up with rubber, 
and usually there were few signs of jungle stumps or timber remain- 
ing when the work was put in hand. Some of the estates in the 
Malacca district are large properties, and practically no reports of 
root disease have ever emanated from those opened up on lallang’ 
land.” 

Root diseases may develop from the stumps {Le, stumps -h roots) 
of the original jungle trees, if these are left behind after felling and 
clearing. Two additional sources of root disease are provided by the 
stumps of trees that have to be thinned out because the original planta- 
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tion was too closely planted, and by the. stumps of shade trees that are 
felled when they haw , fulfilled their purpose of providing shade for 
the developing plantation crop* ' ' On the subject of thinning out in 
rubber plantations, , Retch (1921) remarks: “Close planting with 
the intention of thinning out in later years, was never widely adopted ; 
in the majority of cases estates were planted up at the distances it was 
considered the trees would remain permanently. It needed, however, 
only the efSux of time to demonstrate the truth of the, prophecies of 
mycologists who contended that Hevea could not possibly exist in a 
healthy condition when planted two hundred to the acre ; and the neces- 
sity for thinning out all the earlier-planted Rubber is universally ad- 
mitted.’^ 

■ Early Methods of Root Disease Control: — A good account 
of the classical methods for root disease control has been given by 
Fetch (1921). In the first place, clean clearing of the original 
jungle was favoured wherever practicable, in order to remove all 
possible sources of infection. Although Fetch admitted the probable 
presence of infected roots in the jungle stand, he laid much greater 
emphasis upon another source of inoculum, provided by air-borne 
spore infection of the cut surfaces of the stumps after felling. He 
supposed that once spore infection of the cut surface had been estab- 
lished, the parasite grew down into the roots of the stump, thence 
eventually to emerge and infect the roots of the young plantation crop, 
either through root contact or, with some fungi {e.g. Pomes Ugnosus), 
by direct spread through the soil. Diseases considered especially 
likely to spread in this way were white root disease (Pomes lignosus)^ 
brown root disease (Pomes noxius), and charcoal root rot (Ustulina 
sonata) y but other root diseases, such as red root disease (Ganodernm 
pseudojerreiim) , unknown to Fetch in Ceylon, were not excluded 
from the same category. This hypothesis was held to explain not 
only the development of root disease from the stumps of the felled 
jungle, but also that following the thinning out of shade trees. It is a 
remarkable fact that no experiments to prove this hypothesis ever 
seem to have been reported, although the technical difficulties in the 
way of protecting the cut surface of the felled stump from spore in- 
fection would scarcely seem to have been insuperable ; in the mean- 
time the hypothesis held undisputed sway for many years, and was 
acted upon in practice, either by extraction of the felled stumps, or by 
cutting them off below ground level and covering with soil (Gadd, 
1936&). Indeed, the discrediting of Fetch’s hypothesis has been 
brought about not by any direct experimental assault, but rather 
through the gradual accumulation of circumstantial evidence in con- 
flict with the hypothesis, and finally through the establishment by ex- 
periment of an alternative explanation (see below, p. 112). 
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For the treatment of definite patches of root disease, Fetch 
recommended the removal of all dead trees, decaying stumps and 
buried timber in the affected patch, the application of lime to the soil, 
and the isolation of the area by means of a deep trench. In remov- 
ing the dead trees, the laterals had to be followed up and dug out; 
the affected patch had then to be forked over, and all pieces of dead 
wood collected and burned. The direction to apply lime was apparently 
based on the assumption that “the majority of fungi prefer an acid 
medium'’, an assertion even less valid than most generalisations. 
This assumption was shown by Bryce (1922) not to hold for Pomes 
Ugmsus^ the most important cause of rubber root disease in Ceylon, 
since when the application of lime has no longer been advised. The 
last part of the treatment lay in the digging of an isolation trench, 
which Fetch declared should enclose not only the diseased tree, but 
also a complete ring of surrounding, apparently healthy trees. He 
recommended a depth of 2 feet, but the depth had to be sufficient to 
ensure the severing of all lateral roots, so that a depth of 3 feet might 
sometimes be necessary. 

The method of trenching to stop the spread of a root disease is 
an old established one; Tunstall (1940) remarks : “More than fifty 
years ago the foresters in Europe sought to prevent root disease spread- 
ing by encircling the diseased trees with shallow trenches. This method 
was adopted in the case of rubber, tea and coffee.” Fetch (1923) 
evidently viewed the isolation trench as designed primarily to prevent 
the spread of free mycelium through the soil, and only secondarily to 
prevent spread of disease by root contact, as shown by the following 
quotations : ^^Ustulina^ usually attacks tea by spreading to its roots 
from the roots of decaying stumps. The fungus does not spread 
free through the soil, but only passes from the roots of the stump to 
those of the tea bush when the two are in contact. Consequently 
trenching might possibly be dispensed with in the case of this disease, 
but it is better to err on the safe side and to trench, . , . As Armillaria 
mellea produces thick black cords of mycelium (rhizomorphs), which 
spread freely through the soil, it is essential that the diseased patches 
should be isolated by trenching. . . . Since the mycelium of Pomes 
lignosus spreads freely underground, affected patches must be isolated 
by a trench.” Fetch (1921) laid great emphasis on the free mycelial 
spread of F. lignosus through the soil, concerning which he remarks 
elsewhere: “The majority of fungi only advance within dead wood, 
but the strands of Pomes lignosus can travel for a few feet at least 
through the soil, unattached to any root or dead wood, except, of 
course, at their starting point. It is always attached to its base, ie, 
the stump on which it originated, and it must derive its food from 
that source until it meets with other dead wood, or a living plant 
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which it can attack. . . . Clear instances of the spread of the mycelitim 
through the soil are not tincommonly met with on estates. In badly- 
infested areas its presence is often manifested by the appearance of 
the fructifications on banks by roadsides, or the sides of drains, where 
no roots or timber is to be seen. In some of these cases the mycelium 
follows small Rubber roots almost to the surface of the soil, but in 
others there is no root or wood to be found immediately behind the 
fructification. In other cases, it is often found running on the under 
surface of large stones, and in these instances it is readily seen, as a 
rule, that it is not following a root.” The accuracy of Fetches field 
observations has not been questioned by later investigators, though a 
different interpretation is now put upon them ; in the instance quoted 
above, Fetch failed to discriminate between the spread of the fungus 
and that of the disease {see above, p. 26). 

The classical view of the behaviour of these tropical root disease 
fungi, as presented by Fetch, may be summarised as follows: Root 
disease fungi present on the roots of the original jungle trees persisted 
on the roots of the stumps after felling; a more dangerous and wide- 
spread source of inoculum, however, was furnished by air-borne 
spores of the fungi, alighting on the cut surfaces of the stumps. From 
the crown, the fungi were assumed to spread down into the roots of 
the stumps, whence they infected the roots of the young plantation 
crop either by root contact, or, with Fames lignosus, Poria hypo- 
lateritia, and Armillaria mellea, by free spread of the mycelium through 
the soil. . 

Napper’s Method of Root Disease Control: — The classical 
theory of root disease control was undermined by the observations of 
Napper (1932-34), upon whose researches at the Rubber Research 
Institute of Malaya modern views of the biolog}=^ and control of rubber 
root disease fungi are based. In the first place, Napper considered 
that all the root disease inoculum that gave trouble in the young 
plantation crop was present on the roots of the original jungle, and 
that spore infection of the felled stumps was of subordinate impor- 
tance, if, indeed, it occurred at all. Thus Napper ( 1934 ) writes: 
“Being so advantageously equipped for life under forest conditions the 
root parasites have become generally distributed throughout the 
jungle. Since, however, they are normal members of the jungle asso- 
ciation they do no spectacular destruction amongst the jungle trees, 
but here and there, like any other species, they become locally domi- 
nant, each particular parasite forming its own pattern of root disease 
patches scattered throughout the jungle stand. While the jungle is 
growing undisturbed, these patterns are perpetually changing in shape 
and position, but the total incidence of infection remains constant, and 
the loss of stand never becomes serious.” Whereas Fetch had 
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stressed the difference between those fungi that spread as mycelium 
through the soil, such as Pomes lignosus, and those that spread by root 
contact, such as Pomes noxius, Napper, on the other hand, stressed 
the essential similarity in behaviour of the three important fungi in- 
fecting rubber roots in Malaya, vis. P, Ugnosus, P, noxius, and Gam- 
derma pseudo f err eum. In Napper's view, all three fungi had de- 
veloped the subterranean organ of propagation — the rhizomorph — 
at the expense of the aerial organ, the fructification. Secondly, 
Napper^s field observations indicated that the importance of free 
mycelial spread through the soil by Pomes lignosus had been unduly 
emphasised, and that rhizomorphs could not grow (except under 
special conditions, and for short distances only) directly through the 
soil, but required as a vehicle a chain of solid surfaces, preferably 
those of living host roots. It was true that rhizomorphs might be 
found covering the underside of stones and boulders, and growing on 
dead roots, but they were unable to obtain nourishment from any 
substrate other than living host roots; the rhizomorphs could not, 
apparently, invade tissues already colonised by other organisms. 
Napper stressed this effect of microbiological competition in curtail- 
ing the spread of the root parasites, whether on the exposed wood 
surfaces of cut stumps, or on dead roots already occupied by other 
micro-organisms. 

From the results of certain experiments originally set up by J. R. 
Weir at the Rubber Research Institute of Malaya, on ''clean clearing” 
versus no clearing in preparation of a jungle site for rubber, Napper 
derived certain important conclusions as to the behaviour of rhizo- 
morphs, which were to form the basis of a new and outstandingly suc- 
cessful method for root disease control. The results of this experi- 
ment are given in Table 15. 


Table 15. Percentage infeciion by Pomes lignosus of young rubber planted on 

jungle site: — 




Cleaked 

Uncleared 

Secondary jungle 
(belukar) 

Block 

i:.. 

29.4 

18.6 


Block 


......... 20.3 

9.2 

: — 

Block ' 

3.:.. 


— 

■ : , 1.7 ' : 


Two and a half years after planting, incidence of infection amongst 
the young rubber was lower where no clearing had been carried out 
than on the clean-cleared area; it was lowest where secondary jungle 
(“belukar”) had been allowed to grow up as a natural cover. These 
results were in direct contradiction to the postulate of the classical 
theory that the amount of disease in the young plantation crop varied 
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directly as the amount of actual and potential inoculum left in the soil 
after clearing, and were explained by Napper as follows : — 

(i) If ''absolute” clean clearing is carried out and even the small- 
est pieces of buried timber are removed from the soil, e.g, by sieving, 
no actual or potential source of inoculum will be left, and a healthy 
young plantation will result. 

(ii) Under "ordinary” clean clearing, as practised on commercial 
estates, a small amount of generally distributed timber is left in the 
soil. Now rhizomorph production does not start until the food 
material in an infected root section has been almost exhausted by 
the fungus (see above, p. 29) ; rhizomorph production therefore starts 
the soonest in the smallest pieces of infected root. It is precisely these 
small pieces of infected root that are left behind in the soil after 
"ordinary” clean clearing. 

(iii) The larger pieces of infected material must therefore be 
considered relatively harmless to the young plantation crop, as they 
will not arrive at the stage of rhizomorph production for some time ; 
they are not merely harmless, however, but are actually beneficial, 
as they represent solid surfaces upon which the growth energy of 
the rhizomorphs must be expended. The greater the area of solid 
surfaces, or obstacles, to be covered, the slower will be the advance 
of the rhizomorphs from their source, with the result that some of 
them may never achieve infection of the roots of the plantation crop. 

Upon this last point, Napper (1932a) comments: "If the above 
reasoning is sound, then there is no difficulty in explaining why the 
presence of a cover crop, even of a woody plant such as Crotalaria^ 
which is known to be parasitised by the fungus, tends to reduce the 
incidence of Fomes lignosus upon the rubber trees among which it is 
planted. . . . There is probably very much more mycelium in the soil 
under a heavy cover crop than under clean weeded conditions, but 
this is discounted as indicating the probability of a higher incidence 
of attack upon the rubber trees interplanted with a cover because of 
the larger amount of material in the soil other than the roots of rubber 
trees upon which the mycelium can feed.” Napper‘*s conclusions con- 
cerning the effect of a cover upon incidence of infection in the young 
plantation crop have been confirmed by Cronshey and Barclay 
(1939) in a well replicated replanting experiment of modern design 
(.j^^ below, p. 126). 

An objection to the policy of planting on the uncleared site was 
anticipated by Napper (1932a) in the following words: "Although 
methods of planting under uncleared conditions, or conditions of 
secondary jungle, may greatly reduce the loss of stand through root 
disease during the early years of the clearing, the effect may be one 
of delayed action only. It has been deduced above that the proba- 
bility of attack upon the crop plant is greatest when other rottable 
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material in the soil is nearly exhausted, and it may be that, in an estate 
which was planted under uncleared conditions, or under conditions of 
secondaiy jungle, the disease will attack the crop plant in an epidemic 
fashion m later years when the j'ungle timber in the soil becomes ex- 
musted, oi when the belukar (or other cover crop) is shaded out by 

the rubber Evidence suggests that as the rubber tree grows older 

It becomes more resistant to the attacks of Fames lignosus on its 
roots, and further, that the culture of Fames lignosus in the soil of a 
new clearing stales after a time and is not subsequently so active as 
during the first few years after clearing. This evidence is based on 
the observation frequently made that the incidence of the disease in a 
new clearing tends to rise to a maximum during the period between 
the second and^ the fourth years after burning off, and then to drop 
to a comparatively low figure.’" Even where few or no control 
measures against root disease are carried out, lignosus is 

typically the root disease fungus of young rubber plantations, up to 
ten years of age, whereas Ganoderma pseudoferreum is the root disease 
fungus characteristic of mature plantations. Sharples (1936) ex- 
plained this by reference to the differences in rhizomorph behaviour 
of these two fungi. The rhizomorphs of F, lignosus grow very 
rapidly, but soon exhaust their food-bases, whereas those of G. pseu- 
doferreum grow much more slowly, and exhaust their food-bases only 
after a much longer interval. 

As a result of these discoveries Napper (1932^>, 1938&) worked 
out a new method for dealing with root diseases, which is applicable 
not only to the disease caused by E. lignosus, but also to those caused 
by Ganoderma pseudoferreum and F. noxius as well; the method, 
although primarily designed for young plantations established on 
jungle sites, can be modified to suit the requirements of replanted 
areas. The ground, after felling and burning of the jungle, is cleared 
of the larger stumps, but the young rubber trees are themselves em- 
ployed for the discovery of residual sources of infection, as follows: 
Every four to six months, a pest gang of trained labourers makes a 
tree-to-tree inspection of the whole plantation, in the course of which 
the upper tap root and laterals of every young tree ate examined for 
rhizomorphs of the root disease fungi. The length of tap root that 
must be exposed varies from 2 inches at one year after planting to 9 
indies at four years, if the soil is a deep one, but the depth of inspec- 
tion must in any case be sufficient to uncover the undersides of the 
surface laterals. If rhizomorphs of a root disease fungus are found, 
the root system is opened up fur&^^ the whole extent of the in- 
vading mycelium has been exposed, and the source of infection dis- 
covered. The source of infection is then removed (and destroyed) 
and the roots of the jungle stumps are followed up systematically in 
every direction until all infected material has been disclosed and re- 
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moved. . The root system of the young rubber tree is then primed of 
all root sections that have already been penetrated by the parasite. 
The method depends for much of its success upon the fact that the 
rhizomorphs of F. iignosus, the most common cause of root disease in 
young Malayan rubber plantations, extend for 5-15 feet ahead of the 
infected part of the root The roots carrying such superficial or 
epiphytic mycelium can be adequately treated simply by pulling away 
the larger rhizomorphic strands, and then washing the root surface 
with a 2% solution of copper sulphate. Nafper states that this 
epiphytic habit of the F. lignosus rhizomorphs renders it possible, by 
this periodical treatment, to bring a stand of young rubber through a 
heavy attack of K lignosus without losing more than 20% of the trees 
that have been attacked. The rhizomorphs of the other two members 
of the Malayan root disease complex, G* pseudoferreum and F. noxius, 
are epiphytic only for some 18 inches in advance of penetration, so 
that a proportionately greater loss of trees infected by these two 
fungi is inevitable. Owing to the fact that these fungi generally occur 
sparsely by comparison with F. lignosus on jungle sites, however, 
the efficiency of the control method is not seriously impaired. In 
this way, root disease can be eliminated before the roots of the trees 
have expanded into their full planting sites (after some 10 years); 
once the roots of adjacent trees begin to interlace, spread of infection 
becomes at once more rapid and more dangerous. 

A noteworthy feature of this method is the rejection of trenching, 
with the realisation that, as spread of these diseases takes place mainly 
through root contact, trenching will be unnecessary before the root 
systems of the young trees have expanded fully into their planting sites 
and made contact with those of their neighbours; by this time, the 
majority of the buried sources of infection should have been disclosed 
and removed at the periodical tree-to-tree inspections. Trenching has 
not, therefore, been advocated by Napper (1937), except for control 
of disease in mature plantations (see next chapter). 

I' f I', 'f A1 , 

I Infection of Moribund Stump Roots after Felling : — These 
discoveries of Napper^s, whilst throwing doubt upon the hypothesis of 
ait-borne spore infection of jungle stumps, provided no explanation to 
account for the undoubted association between outbreaks of root disease 
in plantation crops and the operations of thinning-out or felling of 
shade trees. Gradually, however, a suspicion grew up that an alternative 
mode of infection was possible, and even probable, vk, a direct infection 
from the soil of the moribund but still living roots of the stump, the re- 
sistance of which to infection had been sharply lowered by the act of 
felling. This implied, of course, the existence of inoculum dormant 
before the actual felling, either in the form of infected timber lying 
adjacent to the roots, or as root, lesions that had been immobilised by 
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the host defence mechanism. In the disturbance of the soil incidental 
to felling and clearing of the virgin jungle, mycelium lying dormant in 
buried timber might well be roused into activity, especially in low-lying 
coastal areas where clearing and draining operations resulted in the 
lowering of a water table too close to the surface for successful plant- 
ing. The occurrence of latent infections, or localised lesions, of Pomes 
lignosus in the roots of apparently healthy rubber trees was demon- 
strated by DE Jong (1933) in Sumatra, who states, in the English 
summary of his paper ; “it was observed that Rigidoporus^ decay fre- 
quently stops without treatment and of its own accord. In such cases 
the decayed patches become surrounded by callus and eventually heal 
over completely. It is striking that the process of recovery ordinarily 
started at about the time when the wood used for inoculation had itself 
disappeared through decay. In certain instances, however, it was 
observed that Rigidoporus decay continued to develop after the ex- 
haustion of the original inoculating material. This situation probably 
results when the decay has progressed to such an extent, before the 
disappearance of the wood used for inoculation, that the tree becomes 
seriously weakened.’^ 

Sharples ( 1936) obviously appreciated the occurrence and signifi- 
cance of the fall in root resistance to infection after felling, for he re- 
marks : “Another point to remember is that a vigorous rubber tree dis- 
plays a certain amount of resistance to attacks of G. pseudoferreum by 
the production of adventitious roots, but there is no resistance offered 
by the part of a rubber tree left in the soil after the upper parts have 
been removed by thinning-out. When the trunk of a tree is removed, 
the roots do not necessarily die with great rapidity. However, they 
become moribund and ultimately death follows. The loss of resistance 
to the attacks of the fungus may be considered an additional factor 
which will lead to the rapid spread of root disease after thinning-out.” 
The same point was also taken into account by Napper (1937) in a 
discussion of replanting policy ; concerning areas of old rubber that are 
apparently healthy at the time of felling he remarks: “Of greater 
interest are the losses which occur in untreated soil, ie. in areas of the 
clearing which were apparently healthy at the time of felling. These 
losses are invariably caused by contact with infected roots belonging to 
the original stand, but the existence of such roots in 'healthy’ areas is 
sometimes rather difficult to explain. In general, however, they may 
be regarded as old infections in which the disease has lain dormant for 
very many years until brought into activity again by the process of 
felling. The causes of dormancy are still somewhat obscure. The 
most common cause in the field appears to be continuous saturation 
with water. This is shown by the fact that losses of the type under 
consideration are most abundant in low-lying coastal areas where the 
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■ water table was originally high^ but has been extensi¥ely .lowered, in 
the process of replanting. The causes of dormancy on inland soils are, 
less important and not so clearly understood.*^ ' A similar conclusion 
has, been voiced by Mubray^ (1938) for robber areas in Ceylon: 

■ ‘'When' a stand of old Rubber, .in which no case of root disease has 

■ ever been recorded, is felled, it was at first supposed that tlie root fungi 
were absent, and that there would be no risk of the young plants be- 
coming infected from old roots left in the ground. Recent experience 
has shown that this is not a safe assumption .... in every investigated 
case .... it has been possible to trace the source of infection to an old 
Rubber root bearing the typical rhizomorphs, the fungi concerned be- 
ing usually Fomes Ugnosus or Poria hypobrunnea. This proves that 
the fungus must have been present before the old trees were felled, and 
it was probably present in the wood of a root in a condition of what may 
be termed ‘subdued parasitism*. . . . When the trees are felled the 
equilibrium is upset.” 

Proof of this contention, however, was published neither from 
Malaya, Sumatra nor Ceylon, but came from East Africa, in two con- 
tributions by Leach (1937, 1939), the importance of which it is diffi- 
cult to exaggerate. In the first paper, Leach recorded his observation 
that whereas the percentage of trees killed by Armillarm mellea in 
virgin forest was very small, even in a pure stand of a susceptible 
species, yet when the forest was cut down, the roots of many species 
became extensively invaded by A. mellea; this implied a breaking-down 
of root resistance to infection. A similar observation had previously 
been published by Wallace (19356) from Tanganyika Territory. In 
his second paper, Leach (1939) reported various experiments de- 
signed to test the correctness of this conclusion. Twenty-six species of 
native tree were selected for experiment ; in order to simulate the act 
of felling, lateral roots inches in diameter were sawn through 

at a distance of 4 feet from the trunk, at the time of inoculation. Two 
individual trees of each species were tested for resistance to attack by 
placing pieces of infected Glyricidia sepkim root in contact with the 
: roots of the tree. Six roots of each tree were inoculated, three being 
cut through above the point of inoculation, and three being left uncut ; 
the roots were examined 4 months later. Examination of the tinciit 
roots showed that roots of 6 species were never invaded by A. mellea 
and appeared to be completely resistant to attack. The roots of all 
other species were invaded, but, with only two exceptions, were able to 
confine the parasite within narrow limits, apparently by the formation 
of gum barriers and callus. ; Examination of the cut roots showed that 
roots of 24 out of the 26 Species were susceptible to invasion ; in all 24 
of these species, the fungus travelled freely down the roots, though in 5 
species some of the roots still showed resistance. Leach compared the 
resistance shown by the uncut r<x>ts in this experiment with that 
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demonstrated in the Myrobolan plum by Thomas (1934), in his study 
of infection of susceptible and resistant hosts by A. mellea. 

As a result of these experiments, Leach (1939) concluded: ‘This 
experiment .... indicates that trees growing near dead stumps in 
forests may have many localised lesions of Armillaria dormmt in their 
roots and that the fungus in these lesions may become active when the 
forest is felled for a plantation crop. The fungus may spread from 
these localised lesions even though the roots of the original dead stumps 
may have been rotted by Armillaria beyond the stage in which they 
would be capable of causing infection.” Leach records two other ob- 
servations of particular interest : “Some roots on the ‘Msopa' tree. . . . 
had been invaded at two points close together but on opposite sides. 
Such roots had lost the power of resistance below the points of inf ec- 
tion, Armillaria having travelled freely down the root but not up to the 
crown. ... In Nyasaland, Eucalyptus trees are not considered suscep- 
tible to Armillaria, . . . Observations showed that a Eucalyptus tree 
forms localised lesions when invaded by Armillaria similar to those 
described for the ‘Msopa’ tree. If the Eucalyptus tree, however, is 
situated on ground containing a mass of diseased ‘Muula’ roots it some- 
times succumbs to Armillaria root disease, its resistance being un- 
doubtedly lowered by the large number of invasions made throughout 
its root system.” 

Ring-Barking and Tree Poisoning Methods for Reducing 
Root Disease Losses after Clearing: — In addition to the im- 
portant observations just described, Leach (1937) announced another 
discovery, which suggested a simple and very practical method for 
avoiding such losses. In a microscopical study of the pathological his- 
tology of infected tea seedling roots, Leach noticed that hyphae of 
A. mellea were virtually absent from the root cortex, but plentiful in 
the pith; w’-hereas the cortex was devoid of starch, the pith was well 
supplied. He concluded, therefore, that .dl. mellea required roots with 
a high carbohydrate content for its development. In a search for 
A, mellea on the roots of felled stumps of “Muula” {Parinarium 
mobola) trees, which are especially liable to infection by A, mellea 
after felling, Leach selected for examination 12 trees that had been 
ringed some time before felling (and in which the roots must have been 
depleted of carbohydrate before the trees were felled), and 24 non- 
ringed trees as controls. Twenty out of the 24 stumps or trees not 
ringed before felling were found to have roots (varying from 6 to 13 
per stump) infected by A, mellea; the other 4 had roots infected by 
“dry-rot” fungi of the Rhizoctonia bataticola type. Of the 12 stumps 
of trees ringed before felling, one stuinp showed one root that might 
have been infected by A, mellea, whereas all other roots showed a “dry- 
rot” due to saprophytic fungi. Leach therefore suggested that if the 
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forest trees w ringed well in advance of felling, their roots would 
rapidly become devoid of starch, would die early and be invaded' by 
harmless saprophytic fungi instead of by A, mellea. In the second 
paper :( 1939), lie reported experiments demonstrating that once roots 
or woody prunings had been invaded by saprophytic fungi, they could 
not be entered by -fd. wel/ea. 

In conclusion, Leach ( 1939) suggests an explanation for the asso- 
ciation of A, mellea with the stumps of particular native trees in Nyasa- 
land : *‘The results obtained in the experiment on the susceptibility of 
indigenous trees, showing that nearly all species in a mixed forest are 
susceptible to Armillarm after the roots are severed, raises the critical 
question why a few only of these species are usually associated with 
this fungus as a source of infection in tea estates* I suggest that many 
trees escape infection because their roots die rapidly after felling before 
Armillaria rtzchts thmi. Once dead, and invaded by saprophytes, 
these quick-dying roots cannot be invaded by Armillarm, Unless, 
therefore, roots of one of the quick-dying species are in close contact 
with a centre of infection at the time of clearing a mixed forest, they 
are unlikely to become infected before they die. , . . The species of tree 
considered the most dangerous as sources of infection by Armillaria 
are those of which the roots die very slowdy after felling. In January 
1938 a root of ^Muanga^ (Afroformosia) was found alive at a depth of 
3 ft. in a block of tea planted in 1934, 'Muula' (Parinarium mobola) 

is another such tree The ability of the roots of 'Muula' to keep alive 

so long after felling probably explains why a pure stand forest of 
‘Muula^ trees often gives rise later to such widespread damage in tea 
gardens, because starting from a few scattered infected stumps, as in 
the mixed forest, Armillaria can spread unimpeded along a network of 
moribund, but still susceptible, roots.’^ Tunstall (1940), comment- 
ing upon the association between stumps of felled shade trees and out- 
breaks of root disease of tea due to Pomes noxius and Ustulina sonata 
in North East India, remarked that the stumps of hardwood trees, 
such as Nahor (Mesua ferrea), Sal (Shorea rohusta), and Khair 
{Acaeia catechu), were more frequently associated with outbreaks of 
root disease in the surrounding tea than were those of soft-wooded 
trees, which decayed more rapidly. 

The interest aroused by Leaches discoveries has been quickened by 
Napper^s (1939) announcement that stump poisoning of rubber by 
sodium arsenite produced a result apparently analogous to that of ring- 
barking, by killing the roots of the stumps and so rendering them liable 
to invasion by saprophytic fungi rather than by Pomes lignosus. This 
result was obtained in the course of an experiment designed to test out 
methods for prevention of root disease on a replanted area (see next 
chapter). At the same time, Napper described another experiment 
designed to compare Leach’'s ring-barking method, arsenite poisoning 
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by injection, (i) of the living trees before felling, (ii) of the stumps 
after felling, and an untreated control. Although results from this 
particular experiment in terms of incidence of root disease after re- 
planting are not available, Napper^s observations on starch content of 
the roots in the different series are pertinent to the present discussion. 
The ring-barking and tree poisoning were carried out early in June, 
from 4 to 6 months before felling, and the stump poisoning shortly after 
f elling. Comparative estimates of the starch content were made at the 
end of September, and again early in December ; root sections were cut 
longitudinally, and the exposed surfaces planed, stained with iodine- 
potassium iodide solution, and compared with similarly treated sections 
from standing trees. It was found by visual grading that approximate 
losses of starch were as follows : — 

(i) In trees ring-barked 4j4 months before felling, the roots had 
lost 52% of their starch content at 3 J4-4 months, and 86% at 6 months 
after treatment. 

(ii) In trees frill-girdled and poisoned with sodium arsenite 4 
months before felling, the roots had lost 98% of their starch at 5J4 
months after treatment. 

(iii) In stumps poisoned by injection with sodium arsenite im- 
mediately after felling, the loss was 65% at 2 months after treatment. 

(iv) In untreated stumps the loss was only 4% during the first 

months after felling. 

Napper observed a fairly close relationship between the rate of loss 
of starch from the roots and the rate of invasion by saprophytic fungi. 

Air-borne Spore Infection of Exposed Wood Surfaces: — 
So much, therefore, for the evidence for direct infection of the roots of 
felled stumps via the soil. Such evidence, although impressive, by no 
means excludes the possibility that infection of the roots may develop 
from spore invasion of the exposed cut surfaces of the stumps ; the ex- 
tent and frequency of such hypothetical spore infection can only be 
gauged by direct experiment. There is some evidence for the occur- 
rence of such air-borne infection by Ustulina ^omtay which is well 
known not only as a root parasite of tea and rubber in Malaya and Cey- 
lon, but ^so as a wound parasite of the stem, gaining entrance through 
spore infection of pruning snags, and of hoe cuts in the stem just above 
ground level. Fomes noxius can also, apparently, behave in a similar 
way; Napper (1938a) has described an apparent instance of spore in- 
fection of felled rubber logs used for terracing, vIb,: “At about six 
months after felling numerous cases of Brown Root Disease appeared 
among bush cover plants (Tephrosia vogelii) established below the logs 
on the banks of the terraces. These infections were thought at first 
to be caused by contact with infected roots overlooked during the clear- 



'Garrett 


-«118 


E«>ot Disease Fiingi 


ing of the original stand. Field investigation showed, however, that 
this was not the case; in every instance the source of infection was 
found in a neighbouring log, '.There was no evidence to suggest that 
these logs had themselves been infected by contact with the soil or with 
buried' infected roots. . It was therefore concluded that infection .had . 
been caused by wind-blown spores.’* The question has been recently 
revived by Gadd (1940), in connection with the aftermath of felling 
shade trees on tea estates in Ceylon, concerning estate which felled 
about 6,0(X) Grevillea trees which had been grown as shade for tea. 
About two years after felling 30% of the stumps had given rise to 
Brown Root Disease with the result that 3,(XD bushes had to be re- 
moved. The source of infection was attributed to wind-carried spores 
which presumably found lodgment on the cut surfaces of the stumps.” 

The discussion of this controversial question of stump infection 
after felling may be concluded with Napper's (1940) account of yet 
another factor affecting the incidence of root disease in yoiing planta- 
tions on cleared jungle sites: '‘The most striking fact revealed was the 
reduced incidence of root disease during the early years after planting 
in areas cleared zmthout burning, as compared with areas burnt off in 
the usual way. . . . Up to the end of the third year from planting (w^hich 
is as far as the present records go) it appears normal to expect at least 
twice as many root infections in burnt as in unburnt areas, and in one 
experiment a ratio as high as 5 to 1 was observed. No .satisfactory ex- 
planation of the phenomenon has yet been advanced. It was thought 
at first to indicate a delayed attack in the unburnt areas, due to the 
greater bulk of timber left after clearing in these areas as compared 
with areas burnt off in the normal way. Recent observations suggest, 
however, that this is not the case, but that burning actually encourages 
the spread of root infection among the root systems of the jungle trees 
during the susceptible period after felling,” 

Economics of Root Disease Control: — In the formulation of 
a policy for root disease control on any area, it is not the mycologist but 
the economist who has the last word. A valuable feature of the experi- 
ments on root disease control carried out by the Rubber Research In- 
stitute of Malaya has been the recording of costings for all operations. 
In Sumatra de Jong (1933), as a result of extensive observations and 
experiments on estates where Fames lignosus was the only important 
root parasite of rubber, concluded that natural recovery of young rub- 
ber from infection by F. lignosus was commoner than generally sup- 
posed, and that conclusions based on a single root examination might 
exaggerate the importance of this root disease. Much of the super- 
i ficial or epiphytic mycelium found on the roots at any examination 
might never achieve infection | even established lesions might become 
;• surrounded by callus and heal over completely. De Jong therefore 
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critidsed Napper's (1932a) earlier condusions on the score that an 
estimate of the root disease situaton in any area should not be based up- 
on incidence of mycelium on the roots, nor upon a single examination 
for the presence of root decay, but rather upon repeated examinations 
to show the progress of decay, or, better still, upon records of mortality 
due to the disease. He therefore refused to make any general recom- 
mendations for control of F. Ugnosus, preferring to consider individual 
outbreaks of root disease in relation to local conditions on the area 
concerned. 

Napper has justified his policy of periodical tree-to-tree inspection 
by pointing out that the same treatment will bring not only F, Ugnosus 
and F. noxius, but also Ganoderma pseudo ferreum (with which 
DE Jong in Sumatra was not concerned) under control; G. pseudo- 
ferreum is likely to cause most serious losses in plantations of 10 years 
old and upwards if preventive measures are not taken earlier, as by 
this time the root systems of adjacent trees are all in contact. This 
view has been upheld by Sharples (1936) : “If be Jong's investiga- 
tions can be confirmed by observations in Malaya, it is obvious that 
on lightly infected areas the disease caused by F. Ugnosus will 
not call for special treatment, and that it may be possible, as certain 
planters claim, to limit treatment to removing the roots and stems of 
the trees killed by the fungus and re-supplying immediately. But if 
this type of treatment is undertaken and no attention is given to eradi- 
cating disease knots of Ganoderma pseudoferreum in the early years, 
then it can only be expected that more time must be spent and further 
expense incurred when the trees are about the age of ten years. It 
cannot be emphasised too often that the recommendations now being 
made for treatment of F. Ugnosus are largely dependent on the fact 
that such treatment will also result in the early extermination of 
distRSt knots oi G^ pseudoferreum'' 
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CONTROL- , OF ROOT DISEASE IN PLANTATION 
. .'CROPS: IN MATURE PLANTATIONS AND ON. 
REPLANTED AREAS 

' The amount of disease in the mature plantation will depend upon 
the previous vegetation, the method of clearing, and the thoroughness 
with which measures for eradication of root disease have been carried 
out in the earlier years of the plantation. Once the roots of the 
plantation trees have expanded fully into' their planting sites and made 
contact with those of their neighbours, the spread of root disease be- 
comes more rapid and more dangerous. It has then to be decided 
whether to undertake ad control measures to prevent further 
spread of root disease, and if possible to eradicate it, or to clear and 
replant. Replanting may be deemed advisable not only on the score 
of root disease, but also because yield has fallen off for other reasons, 
or compares unfavourably with that of more recent plantations. Thus 
Sharples (1936) remarks: ‘‘We may justly inquire why, during de- 
pressed financial periods, a policy of replanting uneconomic areas 
should be undertaken. The reply is found in the probable yields of 
rubber to be obtained by utilising modern methods of planting-up bud- 
grafted material, i.e, trees which have been proved definitely superior 
and found to possess all the desirable properties. These strains of rub- 
ber trees are expected to give greatly increased }iekis, even to the 
extent of twice or three times the amount given by the ordinary mixed 
material planted in past years.'' 

Root Disease Control in Mature Plantations: — Let us sup- 
pose that a decision has been taken to keep on the standing plantation 
for a further period. Even if replanting has been postponed in- 
definitely, root disease control measures should be designed not merely 
to limit the spread of disease, but to eradicate it wherever possible ; in 
this way, the cost of eventual clearing and replanting will be reduced. 
The isolation of diseased areas by means of a trench should therefore 
be supplemented by removal of dead trees and all buried infected 
material from the area enclosed by the trench, as originally recom- 
mended by Fetch (1921). Fetch directed that the isolation trench 
should enclose not only the diseased tree, but also a complete ring of 
surrounding trees, even although the latter were apparently healthy. 
The trench had to be dug to a depth of about 2 feet and had to sever 
all lateral roots ; in deeper soils, a greater depth of trench might be 
necessary. Further directions were given as follows: “It is now be- 
coming customary to open up and examine the roots of trees which 
are included within the isolation trench, in order to determine whether 
they have already been attacked. It is of course impossible to follow 



tip the roots to their extremities, but enough can be done to show 
whether the tree is seriously affected. The roots should be exposed 
for a radius of about three feet from the stem, and the tap root to a 
depth of about two feet. ... If upon examination the tap root is found 
to be decayed, the tree should be removed. If the fungus is found 
advancing towards the collar on one or two laterals, these may be cut 
back into sound tissue, and the diseased laterals dug out. It must be 
borne in mind that the mycelium usually travels along the underside 
of the laterals, especially when the upper side is exposed; this is 
particularly so in the case of Fomes lignosus. In the latter disease, 
the external strands of mycelium fairly frequently extend over the sur- 
face of the root in advance of the penetration of the fungus. The part 
covered by the youngest mycelium may consequently not have been 
attacked, or only attacked to a slight depth. In such cases, the my- 
celium and any underlying decayed bark may be cut away and the 
wound treated. This method is especially useful when the tap root 
only has just been attacked. In Ceylon it is usual to dress the roots 
from which mycelium has been scraped off with Brunolinum, or tar, 
while in the Straits Settlements, Bordeaux paste has been used. It 
must be remembered that the mycelium travels inside the root as well 
as on its surface, and consequently, if the decayed parts of the root 
are not cut away, any treatment is useless. The method is said to 
have been attended with great success, trees which bore the mycelium 
of Pomes lignosus having been completely cured.” It is interesting 
to see in this early procedure, which Fetch declared to be applicable 
also to control of the rubber root diseases caused hy F. noxius and 
UstuUna wnata in Ceylon, the germs of the method later to be de- 
veloped so successfully by Napper in Malaya for a different purpose, 
i,e. control of root disease and eradication of the causal fungi in young 
plantations. 

Petch^'s directions for trench isolation and treatment of a diseased 
area evidently proved fairly satisfactory in practice, for little has been 
added to them; they were repeated by Sharples and Sanderson 
(1931) in their recommendations for control of Ganoderma pseudo- 
ferreum on old rubber areas in Malaya. For correct siting of the iso- 
lation trench, Sharples (1936) has given the following instructions : 
“The main requirement of an isolation trench is that it shall be cut 
outside the advancing limits of the patch. If, therefore, in cutting 
the trench all the roots severed are healthy, the trench must be ful- 
filling this requirement. If, however, diseased roots are encountered, 
the trench is known to be incorrectly placed. . . . The diseased roots 
are the indicators for the location of the trenches, and these must be 
taken further and further away from the diseased patch until all roots 
severed are healthy.” 

An improvement in trench maintenance was suggested by Napper 
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,(1937), who poiiit.€d out that the classical method, of keeping the 
trenches permanentiy open by during out dl silt and Yegetable debris 
at regular intervals was completely effective only where a shallow soil 
overlay' a subsoil impervious to roots. In soils of normal depth, new 
rootlets produced fro,m the ends of the severed laterals found their 
way down the sides and under the floors of the trenches, and within a 
year or two of the original digging root contact was again established 
between diseased and healthy areas. The trenches thus had to be dug 
progressively deeper, and the work became more difficult and more 
expensive at each digging. Napfer therefore suggested that trenches 
should be refilled as soon as they had been dug. A!!' new root con- 
tacts would then be established above the floors of the trenches, and 
efficiency could be restored at intervals by redigging the trenches to 
their original depth. Such refilled trenches were usually invaded by 
small roots within six months of cutting and refilling, but the spread 
of disease through this maze of rootlets was slow, and it was unneces- 
sary to dig out the trenches more often than once every years. 

At each redigging, the root sections had to be examined in the usual 
way, and any infected roots passing beyond the trench had to be fol- 
lowed Up and removed. 

For controlling the root disease caused by Pom hyp.olateriiia in 
old tea areas in Ceylon, Gadp ( 1929a) recommended trenching, with 
removal and destruction of all bushes within the isolation area — since 
these would sooner or later be killed by the disease if left standing. 
In a later paper, Gadd (1936a) observed that whereas Fames noxiiis 
could usually be eradicated by the simple expedient of uprooting the 
diseased tea bush and removing the source of infection, this procedure 
was quite inadequate to check the spread of Poria hypolateritia. This 
was attributed to the fact that whereas P. noxius was a quick-killing 
fungus, and usually killed an mfa:ted bush before the roots of neigh- 
bouring bushes had become infected, P. hypolateritia was a slow-kill- 
ing fungus, and had usually become well established on the roots of 
surrounding bushes before the first infected bush was visibly affected 
by the disease. Later, Gadd (1937) discussed ffie failure of current 
control methods to check the spread of P. hypolateritia in old tea, 
which he attributed to the placing of too much reliance upon isolation 
trenches, at best a passive defence. He declared that control of this 
fungus could be achieved only by removing a ring of healthy bushes 
around every diseased one. 

Gadd's (1936a) conclusion is supported by TunstalLs (1940) es- 
timate of the root disease situation in the tea plantations of North East 
India, where the two most important root diseases appear to be those 
caused by the quick-killing but slow-spreading fungi, Pomes noxius 
and Ustulina sonata. Tuhstall no longer recommends the digging 
of isolation trenches, deeming it sufficient to remove the diseased tea 
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bush, together with all dead wood from the soil immediately surround- 
ing it. Healthy bushes need be removed, according to Tunstall, 
only when their roots occur in very close proximity to the roots of a 
diseased . bush. 

Root Disease Gontrol on Replanted Areas: — Any decision 
concerning the extent of measures for root disease eradication to be 
taken prior to replanting must be dictated by economic considerations. 
The cost of the work varies from country to country, from district to 
district, and even from one estate to another, according to soil, situa- 
tion, and labour available, etc.; more important and more variable, 
however, is the expectation of root disease in the replanted stand. 
Few experimental results are available for guidance in making such 
decisions, so that an experiment carried out by Napper (1938^^, 1939- 
40) on rubber in Malaya, and another by Cronshey and Barclay 
(1939) on rubber in Sumatra will be fully described. 

The site of Napper‘’s replanting experiment was a rectangular block 
of 80 acres in old rubber, where disease patches occupied at least 50% 
of the total area. The main parasite was Ganoderma pseudojerreum, 
but Fames lignosus and F, noxius were also present. Six treatments 
with 5 replications were arranged in randomised block design, giving 
a plot unit of 2^ acres ; the treatments were as follows : — 

A. Uniform digging to 18 inches, all roots being removed to this 
depth whether healthy or diseased. 

S. As A, but digging only to 10 inches. 

C. Disease patches dug over to a depth sufficient to ensure com- 
plete removal of infected roots. Remainder of the area dug uniformly 
to 10 inches without collecting roots. 

D. Disease patches dealt with as in C, but remainder of the area 
left undug. Apparently healthy trees were felled by jack or grubber 
to ensure removal of the boles and larger laterals, and to give a further 
opportunity for root examination. 

E. No systematic digging. Diseased trees were dug out indi- 
vidually, all infected roots being followed up and removed. Healthy 
trees were dealt with as in D. 

F. No digging or removal of stumps. Trees (both healthy and 
diseased) were cut off at ground level, tlxe stumps being then poisoned 
by injection with sodium arsenite. 

The different treatments were completed by the end of 1937, and 
the whole area was then planted with rubber; after planting, the 
usual periodical tree-to-tree inspection for discovery and eradication 
of sources of root disease infection, as developed for young planta- 
tions on virgin land (see above, p. Ill), was carried out over the whole 
experimental area. The total incidence of root disease infection in 
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the young. .rubber, up to the end of ■ the first and second years after 
.planting, respectively, is given below in Table 16. Napper also gives' 
numbers of bush cover plants killed by disease under the different 
treatments, but as these %ures run in much the same order as those 
for infection of the rubber, they need not be quoted here. 

Table 16. Incidence of root disease in young rubber on repimnied area , in 
1938 and 1939:^ 


Number of rubber trees infected by : — 
Treatment PRIOR Fomes Ganoderma Fomes 

TO REPLANTING LIGHOSUS PSEUDOFERREUM . NOXIUS^ 



1938 

1939 

1938 

1939 

1938 

1939 

A 

8 

31 

1 

15 

1 

4 

B 

13 

55 

5 

21 

1, 

3 

C 

17 

72 

1 

9 

1 

7 

D 

31 

102 

0 

6 

1 

3 

E 

23 

96 

0 

12 

■ 2 

6 

F 

12 

49 

2 

22 

2 ■ , 

5 


Comment upon the results obtained by the end of the first year 
after planting (1938) is best given in Nafper^s (1939) own vrords: 
*Tn the first place they provide a striking demonstration of the fact, 
which has gradually become apparent in recent years, that root disease 
control in connection with replanting is not a single problem, but a 
combination of two separate and unrelated problems which require 
separate consideration when planning a policy of control, mz,: * — 

{a) Control of root disease in areas affected by root parasites in 
the original stand, and 

{h) Control in areas outside the old root disease patches, i,e, in 
areas carrying healthy trees at the time of felling. 

“The site chosen for the experiment was well adapted to effect a 
separation and to permit separate study of these two problems, since 
the parasite mainly responsible for damage in the original stand was 
Ganoderma pseudoferreum, whereas the parasite causing trouble 
where healthy roots are left to rot in the soil is invariably Fomes 
lignosus {see Annual Report for 1936, p. 83). It was expected, 
therefore, that the rates of incidence of Ganodenna pseudoferreum 
under the various treatments would provide a measure of the relative 
efficiencies of the treatments in dealing with problem (a) and would 
vary inversely with the amounts of digging carried out mithin the 
boundaries of the root-disease patches, whereas the rates of incidence 
of Fomes lignosus would provide a similar but independent measure of 
the efficiencies of the tr^tments in dealing with problem (fc) and 
would vary inversely with the amounts of digging carried out outside 
the boundaries of the root-disease patches. Reference to columns 7 
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and 8 of Table 1* will show how closely this expectation has been 
realised. The only inconsistency is the low incidence of Pomes lignosus 
in treatment F, and here an additional factor had been introduced, vk. 
the poisoning of the stumps of the trees after felling by injection with 
sodium arsenite, 

''The effect of stump-poisoning in lowering the incidence of Pomes 
Ugnosus in the P plots is a matter of considerable practical interest. 
The method has often been suggested by non-technical observers as a 
means of controlling root disease at the time of replanting, but has 
usually been regarded by its advocates as a method of destroying roots 
already infected by root parasites, Le, as a method of dealing with 
problem {a). It is, of course, useless for this purpose, a fact which 
is confirmed in the present experiment by the high incidence of Gmo- 
derma pseudo f err eum in treatment F. The present results show, 
however, that as a method of dealing with problem (6) the method 
merits serious consideration. More green timber was left to rot in 
the soil in treatment F than in any other treatment included in the ex- 
periment, yet the incidence of Pomes Ugnosus under this treatment 
was only half the incidence under treatments D and E in which the 
chances of infection and spread were greatly reduced by the removal 
of the stumps and laterals of the healthy trees, and no higher than in 
treatments F and C in which all healthy roots were extracted to a 
depth of 9 inches. .... 

"The success of the method depends on the fact that poisoning 
hastens the onset of decay, and therefore shortens the period between 
felling and invasion by saprophytic organisms during which the roots 
are green and abnormally susceptible to attack by Pomes Ugnosus. 
It is during this period that the sources of infection are developed 
which later give rise to losses in the replanted stand. Shortening the 
period of susceptibility reduces both the number and size of these 
sources, and thus provides a useful measure of control. It is still 
difficult to explain satisfactorily where the Pomes Ugnosus comes 
from. Some undoubtedly originates from dormant sources which 
existed in the original stand. Spore infection of the partially exposed 
and highly susceptible green root-fragments cannot, however, be en- 
tirely disregarded/' 

Napper^'s conclusions on this experiment may be summarised by 
saying that trouble with Ganoderma pseudojerreum in the young 
plantations occurred only on the sites of root disease patches in the 
old stand, and could be dealt with by the extraction of all buried in- 
fected roots on such sites ; trouble with Pomes Ugnosus, on the other 
hand, was the result of leaving roots of healthy trees in the soil after 
felling, and constituted, therefore, the same problem as that en- 
countered in young plantations established on jungle sites. Concern- 

*Figures reproduced in Table 16, above. 
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ing the infections by Fames noxius, Napi^er stated that nearly 
of these were directly traceable to contact with diseased rubber logs 
lying on the surface of the soil ; these logs had undoubtedly become 
infected after felling, most probably by wind-blown spores of the 
fungus {see above, p. 117). 

At the end of the second year (1939) of this experiment, the 
figures for total root infections ran in the same order as those obtained 
at the end of the first year, and so require no further comment. 
Napper (1940) was unable to decide whether treatment F, stump 
injection with sodium arsenite, would eventually prove more eco- 
nomical than the methods for dealing with the root systems of healthy 
trees adopted in treatments B, C, D and £. He pointed out that 
where infection by F, lignosiis did occur under treatment F, it w^as 
more expensive to deal with, and the higher cost per point treated 
might outweigh the benefit derived from reduction in number of in- 
fections. A full discussion of the costings for this experiment up to 
the end of the second year after planting has been included in this re- 
port by Napper (1940). 

Cronshey and Barclay's (1939) replanting experiment, of fac- 
torial design, was carried out on the site of a 25-year old rubber 
plantation on a flat coastal area of clay soil in Sumatra. The old 
stand had originally been planted at the rate of 121 trees to the acre, 
had been thinned to 80, and at the time of clearing averaged less than 
60 trees to the acre. Collar inspection at clearing showed 15% of the 
remaining trees to be diseased, Fames lignosus being the predominant 
parasite. Details of the experimental treatments {see Table 17) are 
given by Cronshey and Barclay, as follows. Stumps were removed 
with stump pullers, so that root collars and parts of the tap root and 
larger laterds were extracted. Roots were removed by “chang- 
kolling'' (a changkoll is a native hoe) to a depth of 15-18 inches. In 
‘^holing”, planting holes 2X 2X2 feet were dug, and refilled with top 
soil free of roots. Losses (at the tend of 2 years after planting) 
amongst the young rubber from root disease, declared by Cronshey 
and Barclay to be due almost entirely to Fames lignosus, are given 
in Table 17. 

These results provide a clear-cut answer to most of the questions 
that this experiment was designed to elucidate. The presence of 
cover reduced mortality by about 60% on an average of all com- 
parisons. This confirms the earlier conclusions of Napiw (1932a). 
As might have been expected, “holing^' has reduced the incidence of 
disease. On an average of all; comparisons, the removal of stumps 
and roots has reduced mortality to little more than half that occurring 
, when neither stumps nor roots were removed. An interesting diflfer- 
ence is revealed by the comparteon of losses following the two treat- 
ments "‘stumps left, roots rwioyed'* and “stumps removed, roots left". 
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Table 17 , Mortality in two-year-old rubber due to root disease (caused almost 


entirely by Fames Ugnosus) : — 




STUMPS 

STUMPS 

STUMPS 

STUMPS 



LEFT 

LEFT 

REMOVED 

REMOVED 



ROOTS 

ROOTS 

ROOTS 

ROOTS 



LEFT 

REMOVED 

LEFT 

REMOVED 

TOTALS 

Clean weeded — no holing, 72B 

611 

917 

524 

2781 

Clean weeded — holing 

..... 671 

S18 

712 

400 

2301 

Cover — no holing .... 

..... 406 

421 

321 

194 

1342 

Cover — holing 

293 

298 

168 

111 

870 

Totals 

2099 

1848 

2118 

1229 

7294 


according to whether the area is clean weeded or under cover. Cron- 
SHEY and Barclay have not commented upon this curious dis- 
crepancy, for which the following explanation is here suggested. In 
the clean- weeded areas, removal of roots, leaving stumps, has de- 
creased disease losses as might have been expected, on the assumption 
that roots form the more widely dispersed source of inoculum. But 
removal of stumps, leaving roots, has actually increased disease 
mortality above that where stumps and roots were left. Is it not 
possible that violent removal of the stumps has increased the suscepti- 
bility of the roots left in the soil to infection by latent inoculum of 
F. Ugnosus, by analogy with the increased incidence of disease on 
virgin jungle areas burnt after clearing, as compared with unburnt 
areas (Napper, 1940)? In areas under cover, on the other hand, 
removal of roots but not stumps has not significantly afifected the in- 
cidence of infection, whereas removal of stumps but not roots has 
substantially reduced it. To explain this paradox, let us assume that 
the roots provide more sources of infection, but that these are of 
smaller volume, whereas the stumps provide fewer but more massive 
sources of infection. Under clean weeded conditions, where no ob- 
stacles are interposed between the roots of the rubber and the inocu- 
lum, the roots might be expected to produce the greater number of 
infections; under cover, however, the “baffling” effect of the cover 
roots upon the spread of the rhizomorphs, as postulated by Napper 
(1932-34), might prevent the fungus reaching the rubber from many 
of the smaller sources of infection provided by the roots, so that the 
fewer but more massive sources of infection provided by the stumps 
might ultimately produce the greater number of infections. 

Cronshey and Barclay themselves comment as follows upon 
their results ; “As is shown by the column totals in Table III*, stump- 
pulling and changkolling are closely interrelated, neither being of much 


Reproduced above as Table 17. 


Garrett 


-.128 


Root Disease Fungi 


value in the absence of the other. Collectively, however, they have 
reduced the losses by nearly a half, and it is noticeable that the effect 
has been larger when other favoumble treatments, holing and the es- 
tablishment of a cover, were also done. In general, the combined 
effect of the favourable treatments is greater than the sum of their 
single effects, the percentage reduction being considered as the cor- 
rect measure of efficiency.'’ They also pointed out that the presence 
of cover had resulted in a slight reduction in grow^th of the young 
rubber, as estimated by increment in diameter of the stem, and sug- 
gested that the clean weeding of circles around the trees or of strips 
along the rows might prove a satisfactory compromise. 

On replanted rubber areas in Ceylon, according to Murray 
(1938), the mortality in young rubber from root disease (due almost 
entirely to F. lignosi$s; occasional outbreaks due to F. noxius and 
Porta hypobrunnea) is evidently much lower than that in Malaya or 
Sumatra. Prior to the replanting of areas occupied by disease 
patches due to F. lignosus in the old stand, Murray recommended 
the entire removal, if possible, of all old roots ; on healthy areas, how- 
ever, laterals might be left to decay in situ. Infection amongst the 
young rubber trees due to the development of latent inoculum of 
F. adjacent to or in the laterals of felled stumps in such 

previously healthy areas could be eliminated, according to Murray, 
by prompt treatment of visibly-affected young trees and removal of 
the source of infection. Murray justified the adoption of this pro- 
cedure as follows : "This policy could only commend itself if the num- 
bers of plants so lost were small, and if the knots of infection were 
disclosed before the fungus could spread a great distance. In most 
of the replanted clearings of which I have knowledge the number of 
casualties due to root disease amounts so far to considerably less than 
1% of the total stand. Some of these clearings are quite recent, but 
others are up to 8 years of age. Even 1% is an insignificant pro- 
portion especially as the initial stand is usually much greater than the 
final stand aimed at. In the first two years or so the casualties can, 
of course, be replaced with supplies.” Murray goes on to suggest 
that the root disease fungi are likely to spread actively along the 
laterals of the old stand left in the ground only for the first few 
months after felling, whilst the roots are still fairly fresh; as for 
spread along the roots of the young rubber, this should not become 
dangerously rapid until the root network of the rubber has been fully 
developed, at an estimated age of 12-15 years. If the existence of 
sources of infection has not been revealed by this time, such sources 
may be regarded as dormant, and therefore comparatively harmless. 

In a further communication, Murray (1939) reported data de- 
rived from replies by 156 estates to a questionnaire on replanting 
policy. Lateral roots had been removed from the ground prior to re- 
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planting on 2465 out of 8124 acres ; loss due to root disease fungi 
(chiefly F. lignosus but a little F. noxius and Poria hypobrunnea) was 
approximately 0.06% where laterals had been removed, and 0.14% 
where they had been left in the soil. In the following year, Murray 
(1940) declared the mortality from root disease to reach a maximum 
in the second or third year from planting, and thereafter to show a 
marked decline ; although this was largely due, no doubt, to the dis- 
closure and eradication of sources of infection by the method just 
described, there was evidence that fungal activity tended to die down 
even where infected old roots were left in the ground. No doubt, too, 
the resistance of the rubber plant to F. lignosus increased with age 
(de Jong, 1933). Murray also stated that several estates with a 
high incidence of F. lignosus in young replantings had been advised to 
undertake the routine collar inspection treatment developed by Nappee 
in Malaya, and that this had proved quite feasible under conditions in 
Ceylon ; it was doubtful, however, whether adoption of this treatment 
would prove to be economically sound. Murray’s policy for re- 
planted areas in Ceylon therefore seems to have been justified by the 
low mortality due to F. lignosus amongst the young rubber in that 
country, and by the absence of Ganoderma pseudoferreum; a similar 
conclusion had been reached earlier by de Jong (1933) in Sumatra, 
and Sharples (1936) has pointed out that a similar policy might be 
followed in Malaya were it not for the widespread occurrence of the 
more dangerous root parasite, Ganoderma pseudoferreum. 

A suggestion that susceptible bush covers might be employed as 
“indicators” of root disease in areas of young replanted rubber was 
made by Bertrand and Minor (1937) in Ceylon. They recom- 
mended a mixture of three bush covers, so as to reduce incidence of 
stem and branch diseases, which would spread more rapidly in a pure 
stand of a single species. Murray (1938) criticised this proposal on 
the score that it would be impossible to grow such bush covers along 
with creeping covers without the bushes being overwhelmed by the 
creepers ; the bushes alone would not give adequate protection against 
soil erosion on steep slopes. Moreover, bush covers would not stand 
being lopped for green manure as did the creepers, and they were 
likely to “indicate” other root diseases as well as those dangerous to 
rubber, and thus waste pest gang labour. In a comparison of bush 
covers and creeping covers for young rubber in Malaya, N'appee 
(1940) found the incidence of infection, to be higher by a third on 
the area under creeping cover; from the point of view of root disease 
treatment, however, creeping covers were more economical, on account 
of the additional cost of treating the infected bushes. Both as regards 
disease control and general requirements, therefore, creeping covers 
appear to be preferable to bush covers. 

In North East India, Tunstall (1940) recommended that when 
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were being cleared for replanting, patches of vacancies 
^ nmrked off ; on these patches, all the roots nf 

both tm b^hes and shade trees should be extracted as completelv as 

possible. The remaining bushes might be dug out without tlin^ 

any special care to remove all the roots from the soil. ^ 
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CONTROL OF ROOT DISEASE IN PLANTATION' 
CROPS: SPECIAL PROBLEMS' 

In the de¥elopment of methods for control of root disease in 
plantation crops, an outline of which has been given in the two pre- 
ceding chapters, primary emphasis has been laid upon eradication of 
the sources of infection* In the earlier days of plantation pathology, 
the complete removal of all buried timber from the plantation site 
before planting up was sometimes advocated, but this was generally 
admitted to be a counsel of perfection. A revolutionary change in 
methods of root disease control was brought about by Napper (1932- 
34) at the Rubber Research Institute of Malaya when he proposed 
that eradication of root disease fungi should be carried out under the 
young plantation crop, instead of before planting ; a great economy in 
labour was effected by this new routine treatment, inasmuch as exca- 
vation was limited to actual instead of potential sources of root infec- 
tion. A further advance was made by Leach (1937) in Nyasaland, 
when he demonstrated that the development of many potentially 
dangerous sources of infection after felling of the jungle could be 
prevented by ring-barking the jungle trees well in advance of felling. 
Leach^'s discovery was followed by Napper'^s (1939-40) development 
of the tree and stump poisoning methods in Malaya for the same 
purpose. 

The amount of space thus far devoted to a description of these 
sanitation methods reflects their relative importance to the plantation 
grower. The usefulness of soil fungicides for root disease control in 
plantations is strictly limited, though such fungicides may sometimes 
be used in conjunction with other control methods, as in the em- 
ployment of copper sulphate solution by Napper as described above 
(p. 112). Soil fungicides have also been used, though not with con- 
spicuous success, in various attempts to eradicate root disease fungi 
introduced into '‘clean’' areas {see below, p. 138). On the whole, 
however, phytocidal chemicals, such as the sodium arsenite used by 
Napper ( 1940) for stump poisoning in Malaya, and the heavy gas oil 
employed by Smith (1932&) for destruction of banana stumps in 
Jamaica {see below, p. 136), are probably of more importance to the 
plantation grower than are fungicidal chemicals. Tun stall (1926) 
has emphasised the difficulties of eradicating root-infecting fungi 
ensconced within bulky pieces of timber buried at some depth in the 
soil by any method except that of excavation. Nevertheless, soil 
fumigation with carbon disulphide, applied through an injector, has 
given promising results in attempts at eradication of Armillaria mellea 
from the soil of Californian citrus orchards (Thomas, 1938; Thomas 
and Lawyer, 1939; Griffith, 1941). 
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When choosing a site for establishment of a plantation crop, it is 
well to remember that some soils are more favourable than others, for 
the .development of a particular root disease. Some advantage of this 
fact has been taken in banana growing, following .Reinkinc/s ( 1935 ). 
discovery that Panama disease (Fusarium oxysporum cub erne) is 
more prevalent on soils of light texture; according to Wardlaw 
(1941), heavy alkaline soils are least favonrable to the disease (see 
above, p. 45). Low-lying sites, unless properly drained before plant- 
ing, will predispose a plantation crop to attack by such a parasite as 
Sphaerostilbe repens, the cause of violet root rot. Concerning the 
relation between incidence of root disease and soil conditions, less 
evidence is available for plantation crops than for field crops. De- 
velopments in the manuring of field crops have outstripped those in 
the manuring of plantation crops. Observations and experiments on 
the relation between manuring and incidence of root disease (see 
above, p. 54) have therefore been made almost exclusively on field 
crops; only few and casual reported observations, such as that of 
BE Jong (1933) concerning the slightly greater incidence of Fames ^ 
Ugnosus on rubber in manured, plots, can be found on the relation be- 
tween manuring and occurrence of root disease in plantation crops. 

Certain root diseases, to which further space is devoted below, 
require special precautions or treatment for their prevention or cure. 
Such are the root diseases due to species oi Rosellinia, which are 
favoured by a humid atmosphere and accumulation of humus, diseases 
due to fungi that are primarily wound parasites, such as Ustulim 
sonata, diseases in which root infection, by fungi like Sphaerostilbe 
repens, cannot occur in the absence of some such predisposing factor 
as waterlogging, and diseases, such as internal root rot of tea, formerly 
attributed to Botryodiplodia theohromae, in which fungi are purely 
secondary. These diseases, and the problem presented by the intro- 
duction of a root disease fungus into a ‘‘clean'' area, are more fully 
considered below. 

? Root Diseases Requiring Special Treatment; — Root diseases 
due to RoselUnia spp. — The growth habit and parasitic activity of 
these fungi have already been described (pp. SO and 61 ) ; it remains to 
discuss the special control measures appropriate to such a fungal growth 
habit. Little has been added to the recommendations made by Nowell 
(1923) in the West Indies and by Fetch (1923) in Ceylon. Ac- 
cumulations of dead leaves and other vegetable litter, wdiich favour 
the saproph 3 ?tic spread of these fungi, must be cleared away, leaving the 
ground, in Fetches phrase, ‘‘as bare as a tennis court." Ventilation 
should be improved by severe pruning of bushes or trees surrounding 
the diseased individual or group. As Waterston (1941) has pointed 
out, however, parasitic activity of RoselUnia is not confined to those 
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situations in which the fungus can make a rapid saprophytic surface 
spread amongst vegetable litter under dense shade and high rainfall ; 
RoseUinia may occur as a parasite under conditions of lighter shade 
and lower rainfall, with little or no accumulation of surface litter. In 
the latter type of situation, spread of the fungus is more or less con- 
fined to movement along the roots of its host plants ; such subterranean 
spread as a parasite is necessarily slower than the rapid surface spread 
as a saprophyte. Waterston investigated the occurrence in such 
situations of a root disease due to i?. pepo on cacao estates in Trinidad 
and Grenada, but was unable to correlate its incidence with soil reac- 
tion, or with organic matter, nitrogen, phosphate, or potash content of 
the soil. The disease occurred chiefly on soils of light texture — a 
limitation attributed by Waterston to the aeration requirements of 
the fungus. 

Charcoal root rot due to Ustulina zonata. — The fungus causing 
this disease, which is well known on tea and rubber estates in Ceylon, 
and on rubber plantations in Malaya (Fetch, 1921, 1923 ; Sharples, 
1936), spreads from plant to plant underground by root contact, in 
the same way as Pomes lignosus, F. noxius and Ganoderma pseudo- 
ferreum, U- sonata is also a well known stem parasite, gaining en- 
trance through spore infection of wounds, so that certain special pre- 
cautions must be observed when dealing with it. Sharples (1936) 
rit^%s that all authorities consider the collar to be the commonest 
^^Mthfection. Wliereas in Java emphasis has been laid on infection 
thf^^h collar wounds made during changkolling (hoeing), in Malaya 
it is thought that accumulation of scrap rubber at the base of the tree 
provides suitable conditions for infection by t/. sonata, through suffo- 
cation of the cortical tissue beneath such air-tight pads. Control 
measures should include prompt removal of felled rubber logs on 
which the fungus may develop as a saprophyte and later produce 
fructifications, periodical removal of scrap rubber accumulating at the 
base of the stem, and avoidance or adequate protection of wounds. 

Violet root rot due to SphaerostUbe repens, — Infection by this 
fungus can apparently occur only under certain soil conditions that 
lower the resistance of the roots; in Malaya, according to Sharples 
(1936), the disease is most frequently seen on rubber areas that have 
been flooded. Tunstall (1940) remarks that violet root rot is 
usually associated with badly aerated, stiff soils in the tea plantations 
of North East India. In exceptionally sticky soils, single lines of 
good plants may sometimes be seen along the edges of drains, with 
the intervening bushes poor and most of them severely attacked by 
S, repens, Tunstall also observes that excessive defoliation of the 
tea bushes through plucking and pruning may lead to such a lowering 
of the vitality of the roots that S, repens can effect entry ; on the 
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lighter soils, liie place of S. rep ms is takes by Botryodiplodm theo- 
bromm. 

■ , Is the, British West Indies, S, repens is commonly associated with 
aBondition known as red root disease of limes; Baker (1938), who 
has reviewed the history of this disease in the British West Indies, 
has concluded that the status of 5'. repens as a primary root parasite 
of limes is still unproven. 'He has recommended the budding of limes 
on sour orange root-stocks, which are resistant not only to the red 
root disease, but also to gummosis. 

, Internal root rot of tea, formerly attributed to Botryodiplodia iheo-* 
hromae. — ldtzs concerning this' 'Misease^* of the tea bush were , 
revolutionised by Gadd (1928-I929&), who demonstrated that infec- 
tion by S. theobromae was a secondary phenomenon, and that the 
‘"disease” was really caused by cultural practices. Internal root rot 
was stated by Gado to occur in Ceylon chiefly at middle and low ele- 
vations, where the plucking rounds were most frequent, and the pruning 
cycle the shortest ; it was manifested as a failure to make fresh growth 
after pruning, and by subsequent death of the bush. Gaoo showed 
that failure to recover after pruning appeared invariably to be asso- 
ciated with absence of starch reserves in the roots, and that this con- 
dition actually preceded infection by B, theobromae, lack of starch 
reserves thus appeared to be the cause, and the subsequent general in- 
fection of the weakened roots by JS. theobromae merely an 
disease. In tea grown at the higher elevations, where assiiJHHpi 
could better keep pace with growth, the disease was almost un^^K. 
Gadd also observed that whereas roots infected by B. theobromae were 
completely deficient in reserve starch, those infected by Poria hypo- 
lateritia, Rosellinia spp., and UstuUna sonata showed a normal starch 
content. This rather constant association of infection by B, theo- 
bromae with low starch content of the roots is a phenomenon of con- 
siderable mycological interest, especially in connection with the find- 
ings of Leach (1937) in Nyasaland (see above, p. 115). Tunstall 
(1940) in North East India agreed that susceptibility to internal root 
rot was almost always associated with lack of starch reserves, which 
' might also be occasioned through defoliation due to drought or attacks 
of Red Spider. Of especial interest is his observation, cited above, 
that the roots of trees weakened through defoliation were infected by 
B, theobromae in light-textured soils, but in the heavier soils by 
Sphaerostilbe re pens. 

Eradication or Immobilisation of an Introduced Root Dis* 
ease Fungus: — No better commentary can be given upon the prob- 
lems involved in eradication or immobilisation of an introduced root 
parasite in a plantation crop than by recounting the story of Panama 
disease of bananas in Jamaiot, full particulars of which have been 
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given by Cousins and Sutherland (1930) and by Smith (1932«). 
The disease was identified on the Island early in 1912, and two more 
outbreaks, in widely separated localities were discovered soon after- 
wards. These outbreaks, considered to be of independent origin, were 
attributed to plantation labourers returning from the diseased banana 
lands of Central America, and bringing back infected tools and plant- 
ing material, in spite of strict watch for such practices on the part of 
customs officers and plant quarantine inspectors; The Jamaican De- 
partment of Agriculture suspected from the first that Panama disease 
spread from one plant to another by root contact rather than directly 
through the soil ; Cousins and Sutherland very aptly described this 
mode of spread as “chain action^\ A dravStic Quarantine Regulation 
was therefore drafted in 1912, whereby all plants within one-chain 
radius of the original diseased plant had to be removed and destroyed, 
making a quarantine area of four square chains around the site of 
each diseased plant ; the quarantine area was not to be replanted with 
bananas. The selection of a one-chain (22 yards) radius was based 
on the finding that the longest roots of a banana plant did not extend 
for a radius of more than half a chain (11 yards). In proof of the 
correctness of the original assumption that the disease spread by 
“chain action’’ along the roots of the plants. Cousins and Suther- 
land cited as an example plots rogued by this method in 1915, where 

K 930 healthy bananas still surrounded the original quarantined 
This was considered to disprove the assertion that the causal 
;us, Fusarium oxysporum cubense, could travel independently 
through the soil in the absence of the banana plant. The loss of all 
the healthy plants on an area of four square chains was a heavy one 
to the planter, in spite of compensation, and with increase in incidence 
of the disease in any locality, a compromise was eventually made be- 
tween economic considerations and the requirements of the rogueing 
treatment. Under a Panama Disease Order of 1925, a graded reduc- 
tion in the quarantine area was permitted, as follows. For the first 
three cases on any property, an area of four square chains was to be 
enforced, for the fourth and fifth cases, one square chain, and after 
the fifth case, an area of half a square chain was to be quarantined. 
Thereafter, with approval of the Director of Agriculture, the quar- 
antine area might be reduced to that of the “nine root system”, where- 
by only the eight healthy plants surrounding each diseased one had to 
be removed and destroyed. Cousins and Sutherland remarked 
that experience had shown the rate of spread of the disease to increase 
with each relaxation of the quarantine restriction. Smith (1932a) 
confirmed this conclusion, and stated that the quarantine regulations 
had met with success at least in checking the rate of spread of Panama 
disease. The “one root system”, whereby the diseased plant alone 
was removed and destroyed, was to be deprecated as very dangerous. 


Garrett 


— 136 


R«>et Di tease Fungi 


and permissible only when the property was officially gazetted as in- 
fected, and adjacent lands were not endangered. 

■ ,, At about this time, a considerable improvement in the method of 
disposing of the plants to be destroyed was introduced by Smith, 
(1932b). According to the method originally adopted, the diseased 
plant was dug up and burnt immediately; the surrounding healthy 
plants were dug up, chopped into small pieces and heavily treated with 
lime. The area so treated was then fenced in, and maintained in 
quarantine. Apart from the difficulties and expense involved in 
destruction of, banana plants by this method, there was. the danger 
attendant upon moving soil, especially on river banks and steep slopes 
liable to wash. Smith therefore sought for a method of killing the 
stumps of the felled plants in situ; many chemicals were tried, of 
which heavy gas oil (the fraction from the ^Topping” process of refin- 
ing) proved most satisfactory in all respects, including that of cost. 
Only 2“3 pints are required per stump ; after clearing away surface 
trash, the oil is applied around the stump, rather than on the cut sur- 
face. Oil so applied penetrates to the underground buds and kills the 
^*eyes**, from which new growth would otherwise start ; large appli- 
cations of oil to the cut surface of the stump were found to be quite 
unnecessary. An indirect benefit resulting from this method, by 
which sucker growth from the stumps is eliminated once and for all, 
has been pointed out by Smith : "Tt has been found in the past that 
the adventitious suckers growing in a quarantined area have an extra- 
ordinary fascination for the small settler, who appears to prefer ob- 
taining his planting material from such dangerous areas3^ 

Unfortunately for the strenuous and well-directed efforts of the 
Jamaican Department of Agriculture, however, rogueing could pre- 
vent only the active spread of the wilt fungus, and could not stop other 
modes of dispersal. From the beginning, according to Smith 
(1932a), the effectiveness of the quarantine operations was vitiated 
by non-cooperation on the part of some of the planters, more particu- 
, larly small-holders, who not only failed to report infections, but carried 
out the unauthorised one root treatment on their own. In efforts to 
discover a ^'cure'' for the disease, certain individual planters carried 
out all sorts of secret experiments on their own land, generally with- 
out taking proper precautions against the spread of infection. Dis- 
eased material was sometimes burnt, but might even be thrown into an 
adjacent stream, to avoid detection! Small settlers, again, had been 
known to plant up a new area with diseased banana suckers obtained 
from adventitious i growth on quarantined land. One of the most 
effective agencies for passive spread of Fusarium oxysporum cubense 
had been that of flood and river water. Smith considered that dis- 
semination of the fungus by mrface wash from local flooding after 
heavy rains was of partkula^' importance ; another dangerous practice 




Figure 9. — Maps showing spread of VerticUHum wilt of hops in "square-planf^ garden, cultivated both up- 
and-down and across, and in “Worcester-planr garden, cultivated up-and-down only. (^After W. G, Key- 
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was that of planting bananas right up to the banks of rivers bordering 
plantations. ■ Finally, after commenting upon the loss to banana culti- 
vation of large areas of the best alluvial soils in the river valleys and 
level lands, due to Jood dispersal of the wilt fungus, Smith (1936) 
reported the decision of the Department of Agriculture, taken in 1935, 
to permit one-root treatment of the disease throughout the Island. ' 

An apparently introduced root disease that has recently caused 
considerable concern in the English hop industry is the wilt due to 
VerikilUum albo-airum, which has been investigated by Key worth 
(1942), Whatever the origin of this disease may have been, its sub- 
sequent devastating spread in a number of hop plantations was not 
properly anticipated, with the result that insufficiently stringent meas- 
ures were taken for eradication of the parasite. Keyworth has 
now given the following directions for eradication of a small out- 
break of this disease in a new plantation: ‘^Cut down and burn all the 
bines of diseased plants and treat every adjacent plant similarly. 
Then excavate a hole 1 yd. square and 1 yd. deep at each place where 
a treated plant has been and remove the soil from the hopfield. Pour 
8 gal of 2% formalin into and upon the walls of this hole and then 
fill with uninfected soil. Then treat the whole area where plants have 
been removed with 8 gal./sq. yd. of 2% formalin, retaining this with 
a bank if necessary. The spaces may be replanted after 3-4 weeks, 
but the young plants and surrounding old plants should be observed 
for wilt during the next season, and the procedure should be repeated 
if any wilt is seen.^' 

This wilt disease of hops certainly presents unusual obstacles to 
the successful application of the usual routine measures of plant sani- 
tation. Keyworth found that the fungus eventually reached all 
parts of badly diseased bines except the bracts and bracteoles of the 
hop cones. Such diseased bines were found to be dragged all over 
the hop plantations by the tines of the cultivators ; this fact was con- 
sidered by Keyworth to explain differences in spread of the disease 
in **square-plant'' hop gardens with cross cultivation, and in‘*’Worces- 
ter-plant” gardens with one-way cultivation. Keyworth also ex- 
• perimentaliy demonstrated that diseased leaves could act as inoculum, 
and might thus further the spread of the fungus to other parts of the 
same field, to other fields on the same farm, and even, perhaps, to 
other farms. 
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CONTROL OF ROOT DISEASE IN GLASSHOUSE 

CROPS 

The control of root diseases of crops under glass presents prob- 
lems similar in broad outline to those encountered in field crops; the 
control measures may similarly be classified under the three heads of 
crop rotation, plant sanitation, and checking of disease development 
in the growing crop. The relative importance of these three groups 
of control measures under glass is, however, very different to that 
under field conditions. Whereas in the field, crop rotation is of para- 
mount importance in root disease control, in the glasshouse its scope 
is limited by high overhead costs, and consequently restricted choice 
of suitably remunerative crops. Another factor limiting the choice 
of crops for rotation is that of glasshouse design ; a house ideal for 
tomato culture is less suitable for the raising of cucumbers, which 
require a higher temperature for optimum growth. 

Under glass, the most important control methods are those com- 
prised within the general term of plant sanitation. The greater value 
of the crop under glass permits of closer attention to individual plants 
than is economically possible in the field ; where plants are grown in 
pots, raised beds, or otherwise in individual containers or compart- 
ments, the practice of rogueing, with appropriate disposal of infected 
soil and plant residues, is likely to be more effective than where plants 
are grown directly in the ground. Moreover, the more rapid growth 
of crops under glass, together with the greater opportunity for dis- 
persal of parasites during cultural operations, necessitates a stricter 
attention to the principles of plant sanitation ; especially is it important 
to avoid introduction of parasites either with the seed, or in infected 
propagating material, such as cuttings, etc. By far the most impor- 
tant control measure to be included under the heading of plant sani- 
tation is that of partial sterilisation of the soil, or '‘soil sterilisation*', 
as it is commonly though inaccurately called. Methods of partial 
sterilisation are described in detail below ; they form the basis of root 
disease control in glasshouse crops. 

The checking of root disease development by modification of the 
soil or aerial environment of the growing crop should theoretically 
prove more feasible under glass than out in the field. Nevertheless, 
the requirements of the growing crop for optimum vegetative and 
fruiting development must often conflict with the tentative recom- 
mendations of the plant pathologist for root disease control. Just as 
the efficiency of crop rotation for control of root disease in field crops 
has been responsible for the still-birth of many ingenious but less 
simple control methods, so the efficiency of partial sterilisation of the 
soil has had a like effect under glass. Although soil moisture content, 
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for, example,, is directly controlled by the glasshouse growler, little 
practical advantage is taken of this possibility for root disease control 
Greater nse is made by growers of their control over soil and air tem- 
peratees. By Bewley's (1922) method of controlling the Verticil- 
lium albo-atrum wilt of tomatoes through raising glasshouse tempera- 
ture to at least 25 a spectacular *'ciire*' of this disease can ' be 
effected. Bewley (1923) gives the following directions for control 
of the disease in this way: ‘*As soon as the wilt appears and it is 
proved that Verticillmm albo-atrum is the pathogen, the average tem- 
perature of the houses should be raised above 25 '‘C. by suitably in- 
creasing the boiler heat, regulating the ventilation, and by closing 
down the houses from two to four hours in the middle of the day, A 
light dressing of whitewash on the glass makes the conditions still 
more favourable for the plants. As little water as possible should be 
given to the roots, as heavy watering merely aggravates the wilting, 
but a light overhead damping helps the wilted plants to recover. The 
plants should be encouraged to make fresh roots above the original 
diseased ones by placing fresh soil round the base of the plant.’’ 
Beweey records that, in one nursery where these control measures 
were carried out, the percentage of wilted plants was reduced from 
68 to 10 in a fortnight. 

Another advantage enjoyed by the glasshouse grower over the 
farmer lies in his greater degree of control over soil composition. 
Glasshouse crops are often grown not in the original soil itself, but 
in an artificial soil or compost. Even if the original soil is employed, 
the heavy dressings of organic manures and artificial fertilisers com- 
monly applied in glasshouse practice may rapidly change its physical 
texture and chemical composition. In the making of composts, a be- 
wildering variety of “recipes” was formerly employed by professional 
gardeners ; the number of composts in use by some of these artists 
approached the number of plant species under cultivation. Order and 
simplicity have recently been introduced into the practice of compost 
making by Lawrence and Newell (1936, 1941). The prime in- 
gredients for a compost have almost invariably been loam, leaf -mould 
or manure, and sand. The leaf-mould or manure supplied both the 
organic matter for production of the desired texture in the compost, 
and some at least of the essential plant nutrients. Owing to the wide 
variation in composition of these organic materials, according to their 
original constitution and degree of decomposition, it has been impos- 
sible to produce a standard compost from such components. Law- 
rence and Newell achieved standardisation by discarding these dual- 
purpose organic materials, and employing peat as the source of humus. 
The manurial value of peat is relatively low, and does not fluctuate 
widely within any one type of peai ; the physical properties of peat 
make it a more desirable ccmstituent of compost than leaf -mould or 
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manure. As a result of their experiments, Lawrence and Newell 
proposed formulas for two composts, suitable for seeds and for pot- 
ting, respectively : — 

Seed compost Potting compost 


Medium loam 2 volumes 7 volumes 

Peat 1 volume 3 volumes 

Coarse sand 1 volume 2 volumes 


Lawrence and Newell found these composts suitable for growth 
of a wide variety of glasshouse plants, when used in conjunction with 
a balanced mixture of artificial fertilisers (for which they supplied a 
formula), together with chalk. Standardisation of the compost, as 
recommended by Lawrence and Newell, may prove useful in the 
solution of certain root disease problems as well. 

Dunlap (1936) has suggested that control of damping-off in 
seedling pans might be achieved more easily by raising seedlings in 
quartz sand moistened with a nutrient solution than in partially steri- 
lised soil, wherein a re-introduced damping-off fungus may spread 
with especial rapidity. An example of an extreme development in 
this type of root disease control is afforded by the commercial culture 
of glasshouse crops in tanks of nutrient solution (Gericke, 1940). 

After this brief general account of root disease control in crops 
under glass, more detailed consideration may now be given to partial 
sterilisation of the soil, which is as important to the glasshouse grower 
as is crop rotation to the arable farmer. 

Partial Sterilisation of the Soil: — This is by no means a new 
practice. By partial sterilisation is meant any treatment of the soil 
by heat, chemicals or other agent, whereby the soil microfiora and 
fauna are reduced and simplified. One object of partial sterilisation 
is to kill all disease-producing micro-organisms and insect pests, 
whilst leaving alive at least some of the beneficial soil micro-organ- 
isms; the spore-forming bacteria usually escape destruction, and the 
more common non-sporing forms are re-introduced and re-establish 
themselves with little delay. Partial sterilisation produces not only 
microbiological but also physical and chemical changes in the soil ; a 
notable effect of heat treatment is the liberation of plant nutrients, 
especially nitrogen, in an available form through breaking-down of 
complex organic compounds. Partial sterilisation by heat, in par- 
ticular, may also improve the physical structure of the soil ; according 
to Newhall (1935), the water-holding capacity of the soil may be 
lowered by steaming, but this is not necessarily a disadvantage. 

The history of partial sterilisation, together with its modern appli- 
cations, has been discussed by Waksman (1931), Newhall et aL 
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(1934), Newhall (1935),. Russell (1937), Bewley ( 1939 ) aad 
Martin (1940), ' The increase of crop following a fire over the soil 
was well known to the ancients; such improved growth has usually 
been attributed to the high potash content of the wood ash, but a 
liberation of nitrogen through heating of the surface soil must also 
occur. . Concerning pioneer farming in the early days of the U, S, A., 
Newhall ei ai. (1934) write: *Tn newly-cleared land, places where 
brush piles were burnt dotted the fields. The early settlers learnt 
that delicate plants like watermelons, muskmelons, and even beans, 
could be grown in these spots where they would damp-off otherwise,” 
If is not surprising to find that authors disagree concerning the credit 
to, be given for the '^discovery”- of the benefits of partial sterilisation. 
On this point, Martin (1940) remarks: ‘The first observations of 
the increase of yield following partial sterilisation were made inde- 
pendently by Giraro (2)* and by Oberlin (3)"^ in 1894, These 
workers had employed carbon disulphide as their sterilising agent. 
Similar results were found after the application of other volatile anti- 
septics, and in 1907, Darbishire and Russell (4)^ showed that 
partial sterilisation by heat produced a like result.” Waksman 
(1931), however, has drawn attention to an earlier paper by Franke 
(1888), who correlated the increased crop growth observed to follow 
heating of soil with enhanced solubility of soil mineral constituents 
and organic matter. 

Much was done by Russell and his collaborators (see Russell, 
1937) in their investigation of the complex causes of soil sickness in 
English glasshouses ; concerned in bringing about this condition were 
not only parasitic fungi, nematodes, and insect pests, but also a deter- 
ioration in the physical and chemical condition of the soil through 
repeated heavy dressings of artificial fertilisers and continual heavy 
watering, Bewley ( 1934) has since shown that the last evil can be 
combatted by incorporating layers of fresh straw with the soil. What- 
ever the causes of soil sickness, however, the cure advocated by Rus- 
sell and his co-workersdn England proved such a success that partial 
sterilisation of the soil has become a routine measure in English com- 
mercial glasshouses. Although credit has probably been justly as- 
signed to these investigators, inasmuch as the widespread adoption of 
partial sterilisation was due largely to their efforts, yet it appears that 
steaming of the soil was first tried out in the U. S. A. at a still earlier 
date. Thus Newhall (1935) states: ‘The first use of steam for 
commercial greenhouse soil sterilisation seems to have been made in 
1883 by W. H, Rudd in Greenwood, Illinois. He laid three steam 
pipes perforated at 18-in. intervals in the bottom of a wooden bin 4j4 
ft. deep and holding 480 cu. ft. of soil.” 

, Complete sterilisation of the soil, on the other hand, is not bene- 

* Girard ( 1894 ), Oberlin ( 1894 ), Darbishire and Russell ( 1907 ). 
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ficial but harmful ; in addition to extinction of all beneficial, as well as 
harmful, soil micro-organisms, there is a loss of soil organic matter, 
and often a marked deterioration in soil structure, or tilth, as well. 
This may happen when dry heat is used as an agent for partial sterili- 
sation as in baking, or in using the “New York type” of electric 
partial steriliser with soil insufficiently moist. Concerning this possi- 
bility, Bewley (1939) observes: “When baking a soil, it is possible 
to overheat it, especially if the soil is on the dry side, and, when this 
occurs, the soil becomes ‘dead’ and will not support plant growth. 
Seedlings planted in it turn blue and hard, and grow very slowly, if at 
all.” 

Methods of partial sterilisation at present in use may be classified 

as follows: — 


(a) by heat (i) steam, 

(ii) baking, 

(iii) electricity, 

(b) by chemicals. 

By steam. — This is by far the most effective agent for partial 
sterilisation as yet discovered ; unlike dry heat, it can be used to treat 
the soil in situ in the beds. It has the advantage over all chemical 
agents so far tried of being equally lethal to parasitic micro-organisms, 
including plant-infecting nematodes, to insect pests, and to weed 
seeds. Various contrivances have been designed for the steaming of 
relatively small quantities of loose soil, intended for the filling of pots, 
flats and seedling pans, etc* The chief practical interest centres, 
however, in methods of steaming soil in the beds, of which a brief 
description may now be given. 

In the buried tile method, a system of 3-4-inch diameter clay 
drainage tiles is laid 13-16 inches deep in rows 18 inches apart, in 
permanent position in the beds (Newh all et al., 1934). When 
steaming is to be carried out, the system is connected up to the boiler ; 
the steam escapes into the soil from the cracks between the tiles. Ac- 
cording to New HALL et aL, such tile systems may be expected to last 
for at least 12-15 years without resetting. An additional advantage 
accruing from such a buried tile system is the use to which it can be 
put either for sub-irrigation, or, in conjunction with flooding, for the 
leaching of an excess of soluble salts out ^of the soil. Although ap- 
parently popular in the U. S. A., the tile method of steaming is little 
used in England, and no mention of it is made by Bewley ( 1939) . 

In the buried perforated pipe method, perforated pipes are laid 
in parallel trenches 6-18 inches deep, and at a distance apart depend- 
ing on the depth, and covered with soil. One end of each pipe is con- 
nected by an elbow to a short upright pipe, through which the live 
steam is conducted into the buried perforated pipe. In England, 
where this system is known as the ‘^Hoddesdon^’, the horizontal perf o- 
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■mted pipes are customarily 6-7 feet long (Bewley^ 1939 ), but in the 
U. S. A., they may range from 20 to 120 feet (Newhall et al, 1934 ). 
Whilst soil steaming is prcK:eeding through one set of parallel pipes, 
the, workmen lay another set in position. A variant of the buried 
perforated pipe method employed in England is the small grid method; 
horizontal perforated pipes 2-2 feet long and 10-12 inches apart are 
connected at their proximal ends to a cross pipe 8-10 feet in length. 
The apparatus thus resembles a comb, built-up out of tubes. 

By the steam harrow method, which is sufficienty described by its 
name, the labour required for steaming, and consequently the cost of 
the operation, is much reduced. The effect produced is more super- 
ficial, however, and the method is not considered suitable for heavy 
soils. The inverted steam pan method, which in England is known as 
the tray method, is similarly characterised by lewder labour costs, and 
by a reduced effective depth of working ; it is therefore especially suit- 
able for the treatment of seed-beds and raised benches, where depth 
of soil is limited. Various mechanical contrivances for moving the 
heavier types of pan are in common use. Newhall (1939) has re- 
cently described an electrically heated inverted steam pan devised at 
the Cornell Agricultura! Experiment Station; steam is generated by 
electric strap heaters operating in troughs of water placed inside the 
inverted pan. 

Certain precautions are essential to success in the use of all these 
steaming methods alike. The steaming must, of course, be thorough 
and must be effective to a sufficient depth in the soil. To conserve 
heat, it is usual to cover the soil with sacking or other insulating 
material The soil should be neither too wet nor too dry, if the best 
result from steaming is to be obtained ; Bewley ( 1939) suggests that 
'‘generally speaking, a soil sufficiently dry for potting purposes is in a 
suitable condition for steaming”. With such a suitable moisture con- 
tent, optimum channels for conduction of the live steam are probably 
provided by the pore spaces of the soil If the soil is too dry, the 
pore spaces are too wide, and the steam escapes before it has com- 
pleted its work of partial sterilisation ; if, on the other hand, the soil 
is too wet, then insufficient pore space is provided for thorough pene- 
tration of the steam to all parts of the soil Moreover, if the soil is 
too wet, heat is wasted in raising the temperature of the excess soil 
moisture to boiling point, and the soil will also take longer to dry-out 
after steaming. 

Further precautions, again, must be observed in the care and 
use of soil after partial sterilisation by steam. Steamed soil is a 
medium more favourable than unsteamed soil for the activity of most 
root-infecting fungi ; nutrients are set free by the steaming, and the 
competitive effect of other micro-organisms is much reduced. For 
this reason, Hartley (1921) suggested that steamed soil should be 
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reinoculated with saprophytic micro-organisms before being used for 
the raising of seedlings. Especial care is therefore necessary to pre- 
vent contaniination of steamed soil by untreated soil infected with one 
or more of the root parasites ; the feet of workmen, for instance, may 
so contaminate the freshly steamed soil during the actual progress of 
steaming. Bewley and Buddin (1921) have shown that the glass- 
house water supply may constitute an important source of infection 
(see above, p. 94) . Where the soil beds are not separated from the sub- 
soil, recolonisation of the beds by root-infecting fungi is only a matter 
of time, since the subsoil serves as a reservoir of infection, which may 
be tapped by the roots of the first crop grown in the steamed soil. 
Under such conditions, therefore, periodical soil steaming, like crop 
rotation, serves not so much to eliminate root parasites as to restrict 
the damage that they do, and keep it at a commercially unimportant 
level. Where such spread of a root-infecting fungus from infected 
subsoil is especially rapid, however, the culture of plants in raised 
beds or benches, which can be treated in toto, may be adopted, as 
recommended by Wickens (1935) for control of the Verticillium 
cinerescens wilt of carnation. 

A further, though temporary, disadvantage of steamed soil is its 
toxicity to most seedlings, and to delicate plants; the effect is least 
noticeable with robust and “strongly feeding’' plants like the tomato. 
Steaming, or other heat treatment, is well known to increase the con- 
tent of soil solutes very considerably ; the concentration of solutes in- 
creases with the duration and intensity of the heat treatment. Johnson 
(1919) demonstrated that the toxicity of steamed soil to seedlings 
was due chiefly to the ammonia produced through the heating. The 
toxic effect is greater in rich soils wdth a high organic content than in 
poor soils ; it is increased by addition of chalk or lime to the soil before 
steaming (Lawrence and Newell, 1936). In the past, it has been 
deemed inadvisable to use steamed soil sooner than 3-6 weeks after 
steaming; alternatively, ammonium salts could be leached out of the 
soil by flooding at least once with water — a wasteful procedure. A 
better alternative is that of applying a sufficient dressing of super- 
phosphate to the steamed soil to balance the excess of soluble nitrogen ; 
this valuable effect of phosphate in combatting the ammonium toxicity 
in steamed soil seems to have been discovered by Lawrence and 
Newell (1936, 1941). 

By Methods of baking soil by dry heat have been 

described by Newhall et aZ. (1934) and, in greater detail, by Bewley 
(1939). They are suitable only for relatively small quantities of 
soil, and cannot be used to treat soil w situ in the beds, as in steaming. 
If the soil is too dry when treated, there is danger of overheating, with 
resulting loss of organic matter, and, in the extreme instance, with 
complete' sterilisation. 
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.By. dectrkiiy. — The use, of ..electricity to effect partial sterilisa- 
tion, of .the so.il was apparently first reported by Elvb:den (1921) in' 
England, ■ but ..further development of this method is due almost en- 
tirely to American investigators, whose work has been summarised by 
Newhall and Nixon (1935). Two types of electric partial steriliser 
have been developed ; in the Ohio type, the soil is heated directly by 
passage of a current through the soil from one electrode to another, 
whereas in the New York type, the soil, is indirectly heated by passage 
of a current through metal heating elements. In the Ohio type of 
partial steriliser as well as in the New York type, the soil is partially 
sterilised by the heating action of the current, and not by the wave 
effect. Both types of partial steriliser have so far taken the form of 
containers designed for treatment of limited quaiitities of loose soil ; 
no satisfactory method for effecting partial sterilisation of soil in the 
beds seems so far to have been reported, although various attempts 
have been made to solve this problem. According to New hall and 
Nixon, uneconomic lengths of heating element would be required for 
use of the New York method in this way, whereas use of the Ohio 
method is complicated by the difficulty of getting satisfactory plate to 
soil contacts in the uncompressed soil of the beds, by the development 
of uneven temperatures^ and by leakage of power, with attendant per- 
sonal risk to the operator. If these difficulties can be overcome, elec- 
tricity may eventually compete with steam as a method for partial 
sterilisation of soil .in situ. An interesting new machine for continu- 
ous partial sterilisation of loose soil has been described by Newhall 
(1939); approximately 7 cubic feet of soil, or enough to fill 18-20 
flats, is turned out in an hour by this machine, the principle of which 
is similar to that of an electric baker^s oven. 

For satisfactory partial sterilisation by electricity, the soil must 
be at a suitable moisture content. If it is too dry in the New York 
container, it becomes overheated, with consequent loss of fertility, 
around the heating elements. With the Ohio method, electrical con- 
ductivity of the soil is too low for effective heating below a certain 
limiting moisture content; for this reason, overheating of the soil is 
impossible, as the current is reduced to zero as soon as the soil starts 
to dry out. The electrical conductivity of quartz sand, as used for 
propagating benches, is too low for satisfactory partial sterilisation 
by the Ohio method, but this difficulty may be overcome, according to 
Newhall and Nixon, by addition of 0.5% potassium nitrate to the 
sand before treatment. Similar conclusions concerning the relation 
between electrical conductivity of the soil and its moisture and salt 
content were expressed by van ber Muyzenberg and van Rijn 
(1936), from their experimental application of these American 
methods in Holland. 

By chemicals, — For partial sterilisation of the soil with especial 
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reference to the need for controlling root-infecting fungi, the per- 
formance of formaldehyde is at present outstanding ; the consideration 
of other chemicals for this purpose is at present probably a waste of 
time. As an agent for general purpose partial sterilisation, formalde- 
hyde, like all other chemicals upon which report has thus far been 
made, is inferior to heat; it is ineffective against nematodes, insect 
pests, and most weed seeds, and is less lethal to fungal sclerotia than 
are the heat treatments. On the other hand, it is a cheap chemical, 
and has exceptional penetrating power; Hunt et al. (1925) demon- 
strated that its penetration was equal to that of the water carrying it 
in solution. Concerning rate of application, Newhall et al. recom- 
mended that one gallon of formalin (40% formaldehyde in aqueous 
solution) be diluted to 50 gallons with water, and that half a gallon 
of the dilute solution be applied per square foot of soil surface. 
Bewley (1939) recommended a solution of the same dilution, to be 
applied at either of two rates, which work out at half a gallon per 0.9 
square foot and per 1.62 square foot, respectively. He suggested that 
the soil should be turned over one spit deep after treatment, on the 
same day. Newhall et al., on the other hand, directed that the soil 
should be covered for a day or two after treatment in order to retain 
the fumes of formaldehyde for as long as possible. An interval of 14 
days after treatment is usually deemed sufficient for dissipation of the 
gas ; after this, the soil can safely be planted. Effective as formalde- 
hyde is by comparison with other chemicals for partial sterilisation, it 
cannot compete with steam where this is available. Some interesting 
crop returns have been quoted by Bewley in a comparison of the 
yield of tomatoes following treatment of the soil by steam, formalde- 
hyde, and cresylic (carbolic) acid; yields of fruit were 51, 45, and 
40.25 tons per acre, respectively, as compared with a yield of 37.9 
tons on the untreated control soil. 

A method was devised by Beachley (1937) for treating soil with 
a mixture of steam and formaldehyde vapour, by means of the in- 
verted steam pan; the formaldehyde solution was vaporised by pump- 
ing it through a heated coil. The formaldehyde vapour was found 
to penetrate the soil as deeply as the steam; a deeper penetration was 
thus achieved than when formaldehyde was applied as a liquid drench. 
By using 1 lb. of formaldehyde per 100 square feet of soil surface 
treated by the combined steam and formaldehyde method, the neces- 
sary period of steaming could be reduced from 30 to 20 minutes, and 
the cost cut from 1 dollar to 80 cents per lOO square feet. Moreover, 
most of the vegetable and flower seeds that were tested germinated 
and developed satisfactorily when sown in soil treated only 24 hours 
previously. 

Many other chemicals have been tested as agents for partial steri- 
lisation, but none can compete with formaldehyde for cheapness and 
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fuBgiddal efficiency. The most promising, perhaps, is cliloropicriti, 
which is an efficient insecticide (Roark, 1934) and lias been developed 
by Godfrey (1935) and his collaborators (Godfrey et al,, 1934) as 
,a nemacide* Godfrey (1936) later showed that cliloropicriii was a 
useful fungicide as well ; it has since given encouraging results in the 
hands of other workers, when employed against a variety of soil-borne 
diseases, vis. black leg {Moniiiopsis aderholdi) of cabbage (Ezers- 
kaya, 1937), black root rot {Thielaviopsis basicola) of tobacco 
(Grooshevoy et al., 1940), wilt {Fusarium bulbigenum var. lycopcr- 
ski) of tomato (Young, 1940), foot rot (Rhkoctonia solani) of 
annual stocks (Dimock, 1941), southern sclerotial rot (Sclerotmm 
rolfsii) of sugar-beet (Davey and Leach, 1941)., cliibroot (Plas- 
modiophora brassicae) of crucifers and other diseases (Howard, 
1940). Adequate confinement of the chloropicrin vapour is essential 
for successful use of this fumigant ; for this purpose Godfrey ( 1934) 
developed a glue-coated paper as a soil cover, with which Godfrey 
et al. (1934) obtained improved nematode control 

Non-persistence in soil is an essential quality for any chemical to 
be used in wholesale partial sterilisation of glasshouse beds. This 
requisite eliminates many che.micals of proved fungicidal efficiency, 
such as the salts of copper and mercury; for the same reason, sulphur 
and sulphuric acid are unsatisfactory as a substitute for formaldehyde. 
The only chemicals likely to be adopted by the glasshouse grower for 
routine partial sterilisation are those that give a substantial temporary 
increase in soil fertility, in addition to destroying parasites and pests. 
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GENERAL INDEX 


Actinomyces pooltmis, 43, 47 
Actimmy^ces praecox, 52 
Actmomyces scabies, antagonism tow- 
■ ards, 52 

— — organic matter affecting, 51, 103 

proof of parasitism, 2 

— - saprophytic life, 86 

soil moisture affecting, 43 

— ^ reaction affecting, 47 

texture affecting, 44 

-- — trafismitted by sets, 91 
Aeration of soil, effect tipon root dis- 
eases, 41, 42, 44, 48, 62, 66, 69, 78, 
100, 133 

Aerial dispersal of root -infecting fungi, 
29, 93, 106, 108, 118, 126 
Alfalfa, damping-off (Pyfhimn- spp.), 
58 

Animals, dispersing infected soil, 95 
Aiitagonisin, microbiological, 4, 37, 51, 
im, 144 

Apkanamyces euiekhes, migration of 
zoospores, 95 

plant nutrients affecting, 56 . ' 

soil . tnoistiire affecting, 41 

- — survival of resting, spores, 70, 85 
ArmUlaria nteiica, carbohydrate re- 
qui,rements, 115, 134 
— — control by carbon disulphide, 131 
— ^ — — t)y ring-barking, 115 

— dispersal by water, 94 

, forming mycorrhiza, 17 

— ^ — host resistance to, 114 
inoculation experiments, 26, 114 

— on moribund stump roots, 114 
— — proof of parasitism, 2 ■ 

— — soil moisture affecting, 40 

reaction affecting,. 47 .■ 

■— — spread of rhizomorphs; 21, 26 , . 
107, 114 


Baking soil, 145 

Banana, Panama disease (Fusarimn 
oxysporum ctibense)^ affecting choice 
of planting site, 132 

— «« etiology, 3 

— flood dispersal, 41, ' 136 . 

introduction into Jamaica,' 

134 


46, 132 
132 


soil moisture affecting, 40 :■ 
- — reaction affecting, 45, 

texture affecting, 45, 


— • spread,. .30, 135 


Barley, covered smut (Ustiiaga 'hot-' 
dei), control by seed treatment, 90 

— depth of planting, affecting, 

101 

— soil moisture affecting, 43, 

101 

— , — — . reaction affecting, 47 

Biological control, 51, Antagonism, 
microbiological 

Broom corn, covered smut (Sphacelo- 
theca sorghi), 43, 101 
Browning root rot, see Cereals, brown- 
ing root rot 

Burning infected crop refuse, 92 
— ^ — jungle before clearing, 118 

Cabbage, yellows (Fusarium conglu- 
timns), 33, 39, 87 

Cacao, root rot (Roseliinia spp.), 62 
Calcium hypochlorite, for sterilising, 
11 

Calonectria gramme ola, 40, 43, 47 
Carbon disulphide, as soil fumigant, 
131, 142 

Celery, yellows {Fusarium sp.), 40 
Cercospora beticola, 12 
Cercosporella herpotrichoides, 43 
Cereals, browning root rot (Pythium 
spp.), crop rotation affecting, 58, 87, 
89 

— plant nutrients affecting, 58, 

89 

— snow mould (Calonectria gram- 
inicola), 40, 43, 47 

- — snow mould (Sclerotinia gram- 
inearum), 43 

— - take-all (Ophioholus graminis), 
control by crop rotation, 83, 87, 89 

— . by firm seed bed, 102 

by stubble burning, ^2 

— etiology, 2 

organic matter affecting, 52 

persistence of disease patch- 
es, 55 

plant nutrients affecting, 53, 

54 

— — soil moisture affecting, 42 

reaction affecting, 48 

texture affecting, 44 

temperature affecting, 37 

Chestnut, ink disease (Phytophthora 
cambivora), 40 

Chilli pepper, foot rot (Phytophthora 
spp.) I 
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— - wilt (Fmarium anmmm), 40» 94, 
^lOO- ' ■ 

— - wilt ■ msmfectum)f 41 

China aster, wilt (Fmarium congluH- 
mm)f 47 ■ 

Chloropicrin, as soil fumigant, 148 
Citms,, tnycorrhiza, 17 
— red root disease (Sphaerosfilbe 
ripens), 134 
Clamceps purpurea, 74 
Clearing jungle for ‘plantation, 105, 
109 

Clover, stem rot (Sclerotmia trif olio- 
rum), 44 

Clubroot, see Crucifers, clubroot 
Coconut palm, root rot (Pomes luci- 
dus), 44 

Compost, infected, 95 
Copper sulphate, as root dressing, 112, 
121, 131 

Corn, bacterial wilt (Phytomonas 
stemarii), 58 

— ^ — root rot (Pythmm arrheno- 
mams ) , 40 

— — seedling blight (Gibbereila saubi- 
netii), .36,' 43 

smut (UsHIago s^eae), Sr 

Cost of root disease control, 82, 118, 
126 

Cotton, Indian root rot (Rhhoctonm 
solani & R. bataticola), 35, 99 

leaf curl (virus), 93 

Texas root rot (Phymatotrichum 

Ofnnkmum) : 

control crop rotation, 74, 

77, 85 

by cultivation, 80, 96 

by fungistatic chemi- 
cals, 98 

by organic manures, 

53, 79, 97 

— by root barriers, 98 

dispersal by water, 94 

etiology, 2 

— persistence .of, .-disease 
patches, 55 

— affected by plant nutrients, 
55 

soil moisture, 42, 46 

soil reaction, 46, 47 

Cotton, wilt (Ftisarium vasmfectnm), 
plant nutrients affecting, 46, 58 

soil moisture affecting, 41 

reaction affecting, 47 

texture affecting, 46 

- — - wilt (Vertkillium dahliae), 99 


Cover crops, tropical, root disease on, 
110, 127, 129 

Crucifers, clubroot (Piasfnodiophora 
brassicae), control by chloropicrin, 
148 

— ^ — „ — . — by crop rotation, 70, 
85. 96 

— by liming, 47, 103 

dispersal, 95 . 

— etiology, 2 

plant nutrients affecting, 59 

' — soil moisture affecting, 40 

Cultivation of soil, for breaking root 
contacts, 98. 

for eliminating root-i.nfecting 

fungi, 71, 80, 96 

for preparing seed-bed, 102 

infected refuse spread by, 138 

rotary, for mixing organic ma- 
terial with soil, 80-, 104 
Curtmlaria ramosa, 59 

Dah,fing-off, 58, 141 
Depth of planting, effect on disease, 
35, 100 

Disease-resistant varieties of crop, 7 
Dormancy of root-infecting fungi, 70, 
96 

Drainage of soil, for root disease con- 
trol, 100, 132 

E-conomics of root disease contrce-, 
' 82, 118, 123, 126, 135, 139 
Electricity, for soli treatment, 146 
Etiology of root diseases, 1 

FEEa>ING INFECTED CROP REFUSE TO 
STOCK, 95 

Flax, wilt (Fusariunt Hni), crop rota- 
tion affecting, 87 

organic matter affecting, 51 

seed transmission, 87 

soil texture affecting, 44 

— ^ — temperature affecting, 34 

Flood dispersal of root-infecting fungi, 
41, 94, 136 

Fomes amiosus, 44, 47 
Pomes lignosus, control by Napper’s 
method, 108, 12! 

— by sodium arsenite, 116, 125 

* by trenching, 107, 112, 120 

— - in mature plantations, 120 

— ^ — , m replanted areas, 123 

— ^ — host resistance to, 112, 118, 132 

inoculation experiments, 27 

lime affecting, 107 
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on cover crops, 110, 127 

on moribund- stump roots, 106, 

.112, 125, 128 

plant nutrients affecting, 132 

-< — proof of parasitism, 2 

spread of rhizomorphs, 21, 24,. 

106, 107, J09, 112, 113, 121 
Femes lueidus, 44 

Femes noxuiSj control by Mapper’s 
method, 109, 119 

— by trenching, 112, 121 

in mature plantations, 120 

on replanted areas, 123 

inoculation experiments, 27 

— — on moribund stump roots, 117 

soil texture affecting, 44 

spread, 20, 106, 1C©, 112, 117 

survival, 65 

Femes semitostust see Femes lignosus 
Food-base behind root-invading hy- 
phae, 26, 63, 74, 93, 107 
Food-potential for saprophytic growth, 
63 

Formaldehyde, for soil treatment, 10, 
138, 147 

in combination with steam, 

147 

Fumigation of soil, with carbon disul- 
phide, 131, 142 
— with cMoropicrin, 148 

— with formaldehyde, 147 
Fungicides, for soil treatment, 10, 93, 

131, 138, 146 

for root dressing, 112, 121, 131 

Fungistatic chemicals, use in trenches, 
98 

Ftisarmm annuum, 40, 94, lOO 
Fusarmm batatis, 43, 44 
Fusarmm bulbigemm var. lycopersicif 
control by chloropicrin, 148 

plant nutrients affecting, 41, 57 

soil moisture affecting, 40 

reaction affecting, 47 

■ temperature affecting, 34 

Fusarmm bulbigenum var. nkfemt, 38 
Fusaritim congluiinans, 34, 87 

vars. caliistepki & majus^ 47 

Fusarium cubense, see Fusarmm oxy- 
sporum cubense 

Fusarmm ctdmorum, as saprophyte, 11, 
64, 87 

— H — plant nutrients affecting, 59 
Fusarium hyperoxysporuMj, 43, 44 
Fusarium Uni, seed transmission, 87 

soil texture affecting, 44 

survival, 87 


temperature affecting, 34 

Fusarium lycopersici, see Fusarmm 
bulbigenum var. lycopersici 
Fusarium orthoceras var, pisi, 40, 44, 

47 

Fusarium oxysperum, 91 

var. nicotianae, 47 

f. pisi race 1, 38, 57 

Fusarium oxysporum cubense, affecting 
choice of site for banana planting, 
132 

flood dispersal, 41, 136 

introduction into Jamaica, 134 

proof of parasitism, 3 

soil moisture affecting, 40 

reaction affecting, 45, 46 

— texture affecting, 45 

spread, 30, 135 

Fusarium solani var. eumartu, 91 
Fusarmm vasinf e ctum, mn^iost roots 
affecting, 88 

organic matter affecting, 51 

— plant nutrients affecting, 46, 58 
— ^ — soil moisture affecting, 41 

reaction affecting, 47 

texture affecting, 46 

Fusarium spp., soil-inhabiting and soil- 
invading, 13 

Ganoderma pseudeferreum, control by 
Mapper's method, 108, 119 

by trenching, 112, 121 

in mature plantations, 120 

on replanted areas, 123 

— ~ host resistance to, 113 
■ — — proof of parasitism, 2 

spread of rhizomorphs, 21, 109, 

112 

Geographical distribution of root dis- 
eases, 33, 39 

Gibherella saubinetii, 36, 43 

Heath plants, mycorrhiza of, 16, 17 
Helminthosporium avenae, 43 
Helminthosporium sativum, antagon- 
ism towards, 5, 6 

plant nutrients affecting, 59 

soil moisture affecting, 40 

— t— temperature affecting, 37 
Hop, wilt (Verticillium albo-atrum), 
138 

Hot-water seed treatment, 90 
Hydrogen sulphide in water-logged 
soil, 41 

Hydroponics for root disease control, 
141 

Hyper-parasitism of soil fungi, 6 
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Implements, bisfissing mmam 
SOU-; 95, 135 

Ititrodiictloii of root-infecting fungi into 
clean' areas, 90, 134 
Irrigation, control of cereal smuts un- 
der, 100 

— — spread of root-infecting fungi by, 

, 94 

Italian millet, seedling blight (Sclera- 
.spora graminicola) , 40 

Koch^s postulates, 1 

Lettuce, collar rot . (Sderofmm 
scIerotiorum}f '40, 44, 94, 95 
Lime, use of, 103, 107, see also Reaction 
of soil 

Lucerne, see Alfalfa 
Maize, see Corn 

Manganese, affecting host resistance, 
17, 59 

Mercuric chloride, as soil fungicide, 10 
— — for surface sterilisation, 11 
— tolerance of Plasnwdiophora 
brassicae to, 72 

Millet, covered smut (Sphacelatheca 
sorghi)^ 43, 101 

Minor elements, affecting host resist- 
ance, 59 

Mixed cropping, disease control by, 99 
Moisture content of soil, affecting root 
diseases, 40, 64, 100, 139 
Monilochaetes inf means ^ 47 
Mycorrhizal fungi, 14 

Napper''s method of root disease 
CONTROL IN plantations, 108, 129, 
131 

Nitrogen, affecting host resistance, 54, 
55, 59 

fixation by mycorrhizal fungi, 17 

Nutrition of host plant, affecting dis- 
ease resistance, 54, 104, 132 

Oats, covered smut (Ustilago kms), 

43 

loose smut (Ustilaga avmae)^ 43 

my corrhiza, 17 

seedling blight (Helminthospor- 

ium aveme)j 43 

Oil, for destroying banana stumps, 131, 
136 

Onion, smut (Urocystts cepalae), 10, 
34, 39 

Oospora scabies^ see Actinomyces 
scabies 


Ophiobolus grmnims, antagonism tow- 

ards, 5, 37. 

host plant as test for, 12, 66 ' 

— — non-host roots affecting, 89 

organic matter affecting, 52 

— - plant nutrients affecting, 53, 54 
— - proof of parasitism, 2 
- — .soil aeration affecting, 44, 66, 
69, 96, 102 

moisture affecting, 42 

reaction affecting,. 48 

■ texture affecting, 44 

spread, of mycelium, 20, 24, 44, 

48, 52, 83 . 

surviva.1, 32, 52, 55, 65, 83, 87, 89, 

96 

temperature .affecting, 37, 66, 68, 

96 

Orchids, niycorr.hi 2 a, 16, 17 
Organic content of soil, affecting root 
diseases, SO, 61, 103 
Ojconium mmemnum & 0. omnkmrum^ 
see Phymatotrichum onmnmufn 

Partial sterilisation of so,il, 139, 

141 

Patches of root disease, persistrince in 
arable fields, 55 

Pea, root rot (Apkanamyccs eutet- 
cites), control by crop rotation, 70, 85 

plant nutrients affecting, 56 

“ soil moisture affecting, 41 

— — wilt (Fusarmn ortkoceras var. 
pisi), 40, 44, 47 

wilt (Fusarmm osyspanm .£ 

pisi race 1), 38, 57 
Phama tingam, 12 

Phosphate, affecting ■ host resistance, 
.54,55,58 

Phosphatide excretion by roots, 15 
Phymatotrichum omnkmrum, anta- 
gonism towards, 53, 80 

control by cultivation, 80, 96 

— : |)y organic manures, 53, 79, 

97 

— by root barriers, 98 

■ — ' — , by fungistatic chemicals, 98 

dispersal by water, 94 

— host plant as test for, 12, 66 
— — ' inoculation experiments, 28 

plant nutrients affecting, 55 
.~ proof of parasitism, 2 

sclerotia, germination of, 54, 75, 
77 

— production of, 75 

— — survival of, S3, 77, 97 
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- soil moisture affecting, 42, 46 

feacti»)n allectiiig* 32* 46, 4/ . 

, spread of myceliiim, 20, 22, 65, 
96, 98 

»- — - survival, 32, 55, 65, 77 ^ 

Phytocidal ditinicals, use in disease 
control, 116, 125, 131, 136 
phytommms siewarii, 58 
Phytophiiwm caciorum, 40 
Phyfophihora cambivora, 40 
Phyiophthora dnnmnomi, 40 
Phytophihora fragariae, 41 
Phytophihora hydrophUa, 94 ^ ^ 

Phyfophihora paimivora var. pipens,- 

94., . . .A 

Phytophihora parastttca, 40 

L var. nicotianae, 12, 94 

Pigeon-pea* wilt (Fmarmm msinfec- 
turn), 51, 58, S8 

Pine, damping-off (Pfhnm uUmum 
& Rhisocionia solani)^ 58 

mytorrliiza, 15 

i-ed rot (Fonas mimstis), 44, 47 

Pineapple, wilt (Phytophihora cffina- 
momi'j^i 40 

Placement, of soil fungicides, 10 

of organic manures, 104 

Plasmodiophora brassicae, control by 
cbloropicrin, 148 
dispersal, 95 

— as obligate parasite, 1 

-- — plant nutrients affecting, 59 

— proof of parasitism,^ 2 

— soil moisture affecting, 40 

...... reaction affecting., 47, 72, 


■ texture affecting, 44 

transmitted by sets, 91 

stem canker and tuber scurf 

(Rhisoctonm volant) 

— control by crop rotation, 86 

— by shallow planting, 

35 

by treating sets, 64, 91 

— ^ _ etiology, 2 

organic matter affecting, 

86 

soil moisture affecting, 64 

— temperature affecting, 8, 35 

transmission by sets, 64, 91 

wart (Synchytrium endobioti- 

cum), control by crop rotation, 70 

plant nutrients affecting, 59 

soil moisture affecting, 40 

reaction affecting, 47 

transmission by sets, 91 

wilt (Fusarium spp.), 91 

wilt (VerticUUum albo-atrum), 

control by crop rotation, 84 

etiology, 2 

spread, 31 

transmission by sets, 91, 92 

control through field 


rogueing, 92 ..... ... 

Propagating sets, infected, 

136, 139 

Pvthium arrhenomaneSf 40, 58 
Pythmm debaryamm, 38 


Quarantine METHODS, 91, 135 


85, 96, 103 

survival, 70, 71, 85, 96 

Populations of resting spores, hetero- 
geneity of, 72 
Porta hypobrunma^ 128 
Poria hypolaieritia, control in mature 
plantations, 122 . 

spread of rhizomorphs, 21, im 

starch content of roots infected 

by, 134 . ...'. 

Potash, affecting host resistance, 58 
Potato, powdery scab (Spongospora 
Mibtcrranea) ^ 40, 44, 47 
scab {Actinomyces scabies), con- 
trol by crop rotation, 86, 87 
^ — * by organic manures, 

52, 103 . 

by treating sets, 91 

. etiology,': 1,' 2 

soil moisture affecting, 42 

■' — reaction affecting, 47 


tSED BEDS, FOR DISEASE CONTROL IN 

lasshouses, 139, 145^^ _ 

5 pberry, blue stripe wilt (Verticih 

lum albo^atrum) , 

mtion of soil, affecting root diseases, 
45, 46, 103 

sting spores, survival, 70, M 
isoctonia bataticola, 99, lib 
isoctonia solani, antagonism tow- 

irds, 62 , . _ 

— control by chloropicrin, 148 

by soil shading, ^ 99 

— organic matter affecting, 62, 86 

— parasitised by Trichoderma Ug- 

norum, 6 . . ^ eo cq 


proof of parasitism, 2 

saprophytic activity, 62 

sclerotia, 63, 81, 86 
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soil aeration affecting, 62 . 

- — - moisttire' affecting, 62, 64 

reaction affecting,. 48, 63 , 

— - spread of niycelinm, 20, 48, 62, 
91 

temperature affecting, 35, 99 

— - transmitted by sets, 91 
Rhizomorplis, 19, 28, 109 
Rhubarb, crown rot (Ph:^tophth 0 ra 
cactorum), 40 

Ring-barking cotton plants -with root 
rot, 66 

— ^ — jungle trees before clearing, 115 
Rogueing diseased plants, 92, 135, 139 
Root barriers, against root disease 
spread, 19, 98 

Root contact, spread of disease by, 19, 
98, 99, 107, 112, 119, 122, 133, 135 
RoseUinia ■ arcunta^ 50, 62 
Rosellinia bunodes^ 50 
RoseUinia pepo, 133 
Rosellifm spp., control, 132 

- organic matter affecting, 50, 132 

parasitic activity, 62, 132 

saprophytic activity, 61, 132 

starch content of roots infected 

by, 134 

Rossi -Cholodny slide technique, S3, 62 
Rotary cultivation, 80, 97, 104 
Rotation of crops, 82, 139 

vitiated by weeds, 70, 85, 88 

Rubber, brown root disease (Pomes 
noxius)^ control by Napper^s method, 
108, 119 

— t)y trenching, 112, 120 

Ixi loature plantations, 

120 

— on replanted areas, 

123, 126 

soil texture affecting, 44 

spread, 106, 109, 112, 117 

charcoal root rot (UstuUna so- 

nafa), 106, 107, 117, 133 
— ^ — red root disease (Ganoderma 
psetidoferretifn), control by Map- 
per's method, 108, 119 

— tjy trenching, 112, 121 

in mature plantations, 

120 

on replanted areas, 123 

etiology, 2 

— host resistance to, 113 

spread, 106, 109, lU, 112 

—4— violet root rot (Sphaerostilbe 

repens), 133 


-white root disease (Fomes Jig- 

nosus), control by sodium arseiiite, 

116, 125 

— „ |>y .Mapper's method, 

ICE, 121 

|)y trenching, 107, 112, 

120 

in mature plantations, 

120 

— ^ on replanted areas, 

123 

etiology, 2 

host resistance to, 27, 111, 

113, 118, 129 

— litiie affecti..n,g, 107 . 

on cover crops, 110, 127, 

129 

on moribund stump roots, 

106,112,125,128 

plant nutrients . affecting, 

132 

— spread, 106, 109, 112, 113 

Rye, stripe smut (Urocysiis occuiia), 

42, 49 

Salicylic aldehyde in water-log- 
ged son-, 41 

Sand culture, for damping-off control, 
141 

Sanitation of crops, 90, 139, 145 
Saprophytic activity of root-infecting 
fungi, 61, 86 

Sclerospora graminicola, 40 
Sclerotia, survival of, 70, 74, 77, 85 
Sclerotmia graminearum, 43 
Sderotmia sclerotiormn, dispersal, 94, 
95 

sclerotia, 74 

soil moisture affecting, 40 

— texture affecting, 44 

Sclerotmia trifoKornm, 44 
ScUrotmm rolfsit, active spread in 
compost, 96 

control by chloropicrin, 148 

plant nutrients affecting, 57 

~ sclerotia, 80 

Seed transmission of disease, 87, 90, 
139 

treatment, 90 

Selective culture media, 12 
Shade trees in plantation crops, 106, 
118 

Sickness of glasshouse soils, 142 
Silver nitrate, for surface sterilisation, 

11 

Site for plantation crop, choice of, 132 
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Sodium arsenite, for^ tree injection,. 
116, 125, 131 

Sodium, chloride, affecting cotton wilt, 
59 

Soil-inhabiting and soil-invading fungi, 
.13, 19, 61, 87 

Sorghum, covered smut {Sphaceh- 
, theca, sorghi)^ 43 . ■ ' ' 

head smut (Sorosporium reilia- 

fmm)f 43 

— loose smut {Sphacelotheca cru- 
enta)f 43 

root barriers against Phymato- 

trickum omnivorumj 98, 
Sorosporium retlianumj 43 
Spacing of crops, effect upon root dis- 
ease, 98, 99, 138 

Specialisation of parasitism, 11, 83 
Sphacelotheca cruenta, 43 
Sphacelotheca sorghi, 43, 101 
Sphaerostilbe repens, control, 133 
defoliation reducing host resis- 
tance to, 133, 134 

soil moisture affecting, 40, 132, 

133 

texture affecting, 44, 133 

spread of rhizomorphs, 21 

Spongospora suhterranea, 40, 44, 47 
Spores of root-infecting fungi, air- 
borne, 29, 73, 93, 106, 108, 117, 126 

in compost, 95 

in dung, 95 

— ' — resting, 70, 84 

seed-borne, 90, 93 

water-borne, 94, 145 

Spore-load of seed and mass-infec- 
tion, 93 

Steam for soil treatment, 143 
in combination with formalde- 
hyde, 147 

Steamed soil, toxicity to seedlings, 145 
Sterile water, washing in, 11 
Sterilisation of soil, see Partial steril- 
isation 

Strands, mycelial, 20 
Strawberry, Ontario root rot, 12, 88 
Strawberry, red core (Phytophthora 
fragariae), 41 

Stumps of felled trees, infection of, 
air-borne, 106, 108, 117 

via roots, 112, 125, 127, 128 

killing by heavy oil, 131, 136 

— — t>y sodium arsenite^ 116, 

125, 131 

Succession of micro-organisms in in- 
fected roots, 11 


Sugar-beet, black leg, 47, lOO 
root rot (Rhkoctonia solani), 

35 

root rot (Sclerotium rolfsn), 57, 

80, 148 

Sugar-cane, root rot (Pythium arrhe- 
nomanes) f 40 

Sulphur, for soil acidification, 103 
Surface sterilisation of infected tissues, 
11,65 

Survival of root-infecting fungi, as ac- 
tive saprophytes, 61, 83, 86 
as resting spores, 70, 83, 84 

— as sclerotia, 70, 74, 83, 85 

— — in infected plant tissues, 65, 83 

methods for curtailing, 96 

— ^ — non-host crops affecting, 88, 97 
Swede, damping-off (Pythium de- 
baryanum), 38 

Sweet potato, pox (Actinomyces pool- 
ensis), 43, 47 

scurf (Monilochaeies infuscans), 

47 

— stem rot (Fusarium spp.), 43, 44 
Synchytrium endobioticum, plant nu- 
trients affecting, 59 

soil moisture affecting, 40 

reaction affecting, 47 

survival, 70, 72 

transmission by sets, 91 

Take- ALL, see Cereals, take- all 
Tea, brown root disease (Pomes nox- 
control in mature plantations, 

122 

on moribund stump roots, 

117 

— soil texture affecting, 44 

spread, 106, 118 

charcoal root rot (Ustulina so- 
nata} y control in mature plantations, 
122, 133 

on moribund stump roots, 

117 

_ spread, 106, 107, 117, 133 

— starch content of infected 

roots, 134 

1 internal root rot (physiological), 

associated with lack of starch, 246, 
134 

formerly attributed to Bot- 

ryodiplodia theobromae, 46, 134 

soil reaction affecting, 47 

texture affecting, 46, 

134 
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— ^ red root disease (Poria hypah- 
: 122, 134 

root rot (RoseHinm ■ ' 

— — violet root rot (SpkaerostUbi re^ 
pens), control, 133 

defoliation affecting, 1.33 

— soil moisture affecting, 41, 

133 ■ 

— . texture affecting, 44,. 

133 

Temperature, soil, affecting root dis- 
eases, 33 

— ^ — control in glasshouses, 140 ■ 

dependent on planting date, 

98, . : ^ ■ / 

■ interacting with microbio- 

logical antagonism, 5, 37. ■ 

— reduced by shading with 

crop, -99 ■ 

lethal, to Plasmodiophora brassi- 

cm, 72 . 

— to Synchyirium endobioH- 

cum, 72 

to Thidmmpsu basic aki, 95 

Texas root rot, sec Cotton, Texas root 
rot 

Texture of soil, affecting root diseases, 
43 

Thkiatnopsis basic ala, control by chlo- 
ropkrtn, 148 

proof of parasitism, 2 

soil reaction affecting, 47 ■ ' 

temperature affecting, 35 

Tilietm fritici & T. Icvis, aerial spread, ' 

73, 84, 94 

— ' — depth of planting affecting, 100 

organic matter affecting, 51 

soil moisture affecting, 43, 100 

texture affecting, 44 

survival, 73, 84 

Tobacco, black root rot (Thieiaviopsis 
basicola), 2, 35, 47 

— < — black shank (Phytophthora parm 
sitica var. nkotianae), 94 

wilt (Fusarlum oxysporum var. 

nicotianae) , 47 

Tomato, wilt {Fusarium bulbigenum 
var. lycopersici) 

control by chloropicrin, 148 

— plant nutrients affecting, 41, 

soil moisture affecting, 40 

reaction affecting, 46 

— temperature affecting, 34 

wilt {V erticillium albo~atrum) i 


contrcil liy rriisiiig glass- 
" house temperature, 34, 140 

organic ?mtter affecting, 51 

— — ^ plant riiitrients affecting, 57 

— ■ — soil reaction affecting, 47 
Trenches for rof.)t disease control, of 

fungistatic chemicals* 98 

— 0|>en, 107. 112, 120 
Trichederma Ugmrum, 6 

Umcysiis cepukc, 12, 34 
Urocystis occuHa, 42, 49 
Urocystis triim, organic matter affect- 
ing, 51 

' — ^ — pla.nt nutrients affecting, 48 ' 

• — - soil moisture affecting, 43, 100 
-- — - — reaction affecting, 48 
— ^ — spore germination, stimulation of, 

51 

^ dispersal by stock, 95 ■ 

survival, 73, 85 

Ustilaga a7'enae, 43 ■ 

Vstifago hordei 43, 47, 100 
UsHiago Inis, 43 
VsiUaga mw, SO, 51, 73 
' Usiulim sonata, as wound parasite, 133 
- — control in. mature plantations, 12.2, 
133 

— on moribund stump roots, 117 
soil reaction affecting, 47 

— spread, 106, ,107, 117, 133 , 

— - starch content o.f .roots infected 
by, 134 , 

Vascular PA,RAsms, 30 
Veriicilihm albo-alnm, in potato sets, 
control by held rogueing, 92 
introduction into clean areas, con- 
trol, 138 

■ organic matter affecting, 51 

, plant nutrients affecting, 51, 57 

proof of parasitism, 2 

- — soil reaction affecting, 47 

. spread, 31, 98, 138 

survival, 84 

■ temperature affecting, 34, 140. 

VerticilHum dahliae, 99 

WAim DISPERSAL OP ROOT-INFECTING 

FUNGI, 41, 94, 136, 145 
Water-melon, wilt (Fusarimm bulbige- 
mm var. nmeum), 38 

Weed hosts of root-infecting fungi, 70, 
85, 88 

Wheat, bunt (TUietia triiici 8c T. 
levis) , aerial spread, 73, 84, 94 
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— „ — control by seed . treatment, 
90 ' 

, — . . — ^ depth of planting affecting, 
lOO 

^ organic matter affecting, 51 
soil moisture affecting, 43, 

100 

_ — texture affecting, 44 

- — eye-spot (Cercosporella herpotri- 
chokies)^ 43 

— flag smut (Urocystis tritici), con- 
trol by crop rotation, 85 

— - by stubble burning, 92 

, — depth of planting affecting, 

100 

: organic matter affecting, 50, 

51 

plant nutrients affecting, 48 


' — soil moisture affecting, 43, 

100 

' reaction affecting, 48 

dispersal by stock, 95 

loose smut (Ustilago 90 

— ' — root rot (Pusarium culmomm), 
87 

— ^ — root rot (Helffiinthosporium sa- 
iimm), 37, 40, 87 

seedling blight (GibbereUa sau^ 

binetii), 36, 43 

Wind dispersal of root-infecting fungi, 
29, 93, 106, 108, 117, 126 
Wisconsin investigations on soil tem- 
perature and disease, 33 
Wound parasite, 133 

Xylaria malt, 28, 65 

Zinc, affecting host resistance, 59 
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